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Background: The primary fuel for the brain is glucose derived from the systemic 
circulation. This has led to the hypothesis that blood glucose concentration can influence 
cognitive performance. However, the existing literature is inconsistent, which may be 
caused not only by the heterogeneity in study designs but by uncontrolled confounding 
factors. More work with better control of confounding is warranted.  
 
Objective: To compare the effects of different glycaemic responses, induced by 
beverages with different energy contents (sucrose and sucralose) and beverages with 
different glycaemic index (GI) (sucrose and isomaltulose) on memory and attention in 
healthy adults. 
 
Design: Randomized, double-blinded, crossover, controlled trial. 
 
Methods:  
A sensory test (n=11) was conducted to match the sweetness of sucrose and sucralose 
drinks. Glycaemic responses to sucrose and isomaltulose ingestion were measured (n=12; 
mean age 28.4 years; mean body mass index 23.5 kg/m2) on separate days to the cognitive 
test days. Participants (n=55; mean age 25.5 years; mean body mass index 22.0 kg/m2) 
received sucrose (50g), isomaltulose (50g) and sucralose (120mg) drinks after an 
overnight fast on separate occasions with at least one-week interval. The Complex Figure 
test, the Word Recall test, the Trail Making Test Part B, and the Stroop test were 
administrated 60 minutes after beverage ingestion. These tests were designed to measure 
verbal memory (Word Recall test), visual memory (Complex Figure test), and attention 
(Trail Making Test Part B and Stroop test). 
 
Results: Sensory tests indicated that the sweetness of the beverages were 
indistinguishable. Plasma glucose concentration 30 minutes after ingestion was 
significantly different between the sucrose and isomaltulose group (8.5 vs 6.4mmol/L, 
with a mean (95% CI) difference of 2.1 (1.1, 3.1) mmol/L). Comparing between a non-
caloric (sucralose) and a caloric sweetener (sucrose), there were no significant 
differences in the mean (95% CI) for the following: Complex Figure test: immediate 
recall -0.37 (-1.44, 0.70), delayed recall -0.47 (-1.53, 0.60); Word Recall test: immediate 
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recall 0.28 (-0.66, 1.22), delayed recall 0.30 (-0.63, 1.22); Trail Making Test Part B: 
completing time -2.10 (-7.26, 3.05) seconds; Stroop test: number of correct congruent 
responses 0.11 (-0.08, 0.30) and correct incongruent responses 0.21 (-0.47, 0.90), time 
used for correct congruent responses -3.63 (-26.79, 19.53) milliseconds and correct 
incongruent responses -7.19 (-32.01, 17.64) milliseconds. Comparing between a low GI 
(isomaltulose) and a medium GI sweetener (sucrose), there were no significant 
differences in the mean (95% CI) for the following: Complex Figure Test: immediate 
recall -0.81 (-1.90, 0.28), delayed recall -0.96 (-2.04, 0.11); Word Recall Test: immediate 
recall 0.28 (-0.67, 1.23), delayed recall 0.59 (-0.34, 1.53); Trail Making Test Part B: 
completing time -2.31 (-7.51, 2.89) seconds; Stroop test: number of correct congruent 
responses 0.04 (-0.15, 0.23) and correct incongruent responses 0.28 (-0.42, 0.97), time 
used for correct congruent responses -10.84 (-34.30, 12.62) milliseconds and correct 
incongruent responses -18.34 (-43.49, 6.80) milliseconds. 
 
Conclusion: This study does not support the proposition that cognitive outcomes will be 
affected by differences in postprandial glycaemic responses. 
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Glucose is the main source of energy for the human brain. Glucose is required for the 
maintenance of neuronal and non-neuronal cells and for the generation of 
neurotransmitters that rely on glucose to provide energy in the form of adenosine 
triphosphate (ATP) (1). The highly active neurons require a continuous supply of glucose 
transported from the blood (2). This reliance leads to the hypothesis that a change in 
blood glucose concentration can affect cognitive functioning. 
 
Glycaemic response is defined as the change of blood glucose concentration in response 
to the consumption of carbohydrate (3). Glycaemic index (GI) and glycaemic load (GL) 
are concepts developed to describe the quality and quantity of carbohydrate in food or 
drinks based on the glycaemic response (4). 
 
Over the past 30 years, many investigators have studied the acute effect of manipulating 
peripheral glycaemic response on cognitive functions in healthy adults. Among these 
studies, the two common ways to generate different glycaemic response were adopting 
food or drinks with different energy contents or different GI/GLs. However, until now 
there has been no consistent conclusion on the impact of glycaemic response on cognitive 
functions (5-8). This inconsistency might be caused by variations related to the study 
designs, such as the participants’ age group, the chosen types of cognitive tasks and the 
testing point for the cognitive test used (5-8). 
 
In addition, some issues related to the study design may introduce confounding factors 
or bias. For example, some studies used a between-subject design with a small sample 
size (9, 10) while the subjects’ baseline cognitive levels could be diverse. In meal studies 
where blinding is not possible there may be psychological impacts on participants that 
affect the results of cognitive tests (11, 12). Some studies used drinks or meals with 
different GI/GLs but the interventions also differed in energy and macronutrient 
composition (13, 14), which may have impacts on cognitive function independent of 
differences in glycaemic response. With potential bias and confounding present, it is 
difficult to make convincing conclusions of the effects of glycaemic response on 
cognition, necessitating further research while controlling for these factors. 
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The aim of this study therefore was to assess the effect on cognition in healthy adults of 
providing drinks that generated differences in postprandial glycaemia whilst controlling 
for potential bias and confounding. The sugars used in the study were sucrose with a GI 
value of 65 and isomaltulose, which is a structural isomer of sucrose, with a GI value of 
32 (15). The non-caloric artificial sweetener sucralose was given as a negative control in 
terms of energy content. The cognitive domains tested were memory and attention, which 



























2. Literature review  
2.1 The metabolism of glucose in the brain 
The brain processes sensory information, controls motor function, and is the centre of 
learning (16). Cognitive functions are brain-mediated processes and can be grouped into 
six main domains: memory, attention, executive functions, perceptual functions, 
psychomotor functions and language skills (17). 
 
Glucose is the main fuel source for the brain although in prolonged deprivation liver 
ketones are oxidized and during strenuous physical activity lactate provides an energy 
source (1). Glucose provides fuels for the brain by generating ATP and energy in the 
brain is consumed for the maintenance of neurons and non-neural cells, the activity of 
neurons and the synthesis of neurotransmitters (1). Only a limited amount of glycogen is 
stored in the brain cells which can only last for up to 10 minutes without replenishment 
(18), indicating that the brain needs a continuous delivery of glucose from the blood. 
 
To provide energy to the brain, glucose must pass the blood brain barrier, which is a 
biological barrier between the brain and peripheral circulation formed by specialised 
endothelial cells (19). Glucose is transported across this barrier via sodium independent 
glucose transporters (GLUT) and sodium-dependent transporters (SGLT) (20). GLUT1 
(55 kDa form) is the main transporter responsible for bringing glucose across the blood 
brain barrier (20, 21). GLUT1 (55 kDa form) is a facilitative transporter (20), meaning 
the process of transporting glucose into brain interstitial fluid is driven by the blood-to-
brain concentration gradient. The ability of GLUT1 to facilitate glucose transport across 
the blood brain barrier is saturable with a half-saturation constant of 8 mmol/l (20). 
 
Several studies have attempted to measure the brain extracellular glucose concentration 
using in vivo voltammetry or microdialysis (22). In vivo voltammetry uses a glucose 
electrode with glucose oxidase to quantify the concentration of glucose, while 
microdialysis is performed by implanting a cannula with a semi-permeable membrane 
into the brain (22). The results of these studies gave various absolute glucose 
concentrations of the brain extracellular fluid (23-25), but it is generally suggested that 
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cerebral extracellular glucose concentration is about 20-30% of the plasma glucose 
concentration if it is in the physiological range (1, 22). 
 
After glucose has entered the brain extracellular fluid, GLUT1 (45 kDa form) and 
GLUT3 are the main transporters involved in the process of delivering glucose into the 
brain cells, both of which are also facilitative transporters (20, 21). GLUT3 mainly 
facilitates glucose entry into neurons to provide energy (20, 21) and the higher transport 
rate of GLUT3 compared with GLUT1 guarantees glucose supply to the neurons under 
varying situations of glucose supplement and requirement (26). GLUT1 (45 kDa form), 
on the other hand mediates glucose entry into other non-neural cells, such as astrocytes 
(20, 21). Glucose in astrocytes can also be provided to neurons either by being transferred 
directly or by being metabolised into lactate first then transferred. The intracellular 
glucose concentration is determined by the ATP levels in the cell, which are closely 
related to the neuronal activities (22). The ATP levels affect the activity of glycolytic 
enzymes, which control the glucose transporters and the uptake of glucose (22). 
Therefore, different from the glucose concentrations in the brain extracellular fluid which 
fluctuates with peripheral plasma glucose concentrations, the glucose levels in the cells 
are strictly controlled (22). 
 
Although there are several studies in which the concentration gradient between the 
systemic circulation and the brain interstitial fluid have been studied (23-25), data on the 
time interval between the two concentrations in human beings is limited. Abi-Saab et al. 
(25) found that changes in glucose levels of brain extracellular fluid glucose lagged about 
30 minutes behind changes in blood, which is the only reliable data I could find in this 
aspect. 
2.2 Glycaemic response 
In a normal diet, exogenous glucose is obtained from food containing carbohydrates. In 
healthy people, the plasma glucose concentration begins to rise about 10 minutes after 
consumption, reaches its peak at around 30minutes and returns to normal after about 120 
minutes (27). The change of blood glucose concentration in response to the consumption 
of carbohydrate is defined as glycaemic response, which is measured through capillary 
or venous blood samples or using continuous glucose monitoring systems (28, 29). Blood 
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samples are collected at specific intervals and the glucose concentrations measured are 
plotted over time, creating an area under the curve (AUC) (30). The increments in 
glucose concentration above the baseline value are often used to assess postprandial 
glycaemic response, referred to as the incremental AUC (iAUC), which is commonly 
calculated by the trapezoid method (31). 
 
Glycaemic index (GI) is a way of classifying carbohydrate-containing foods according 
to their glycaemic responses (32). GI is quantified by measuring the 2-hour postprandial 
blood glucose concentration after consumption of 50 g of carbohydrate and comparing it 
with the 2-hour blood glucose concentration after consumption of a 50 g solution of 
glucose (32). A GI equal to or lower than 55 is regarded as low, a GI of 56-69 is 
considered medium, and a GI equal to or higher than 70 is considered high (33). If given 
in the same amount of carbohydrate, food with higher GI would induce higher glycaemic 
response compared with food with a lower GI (4). However, since GI does not consider 
the amount of carbohydrate consumed, which influences the rising of blood glucose level 
as well, the concept of glycaemic load (GL) has been introduced (4, 30). GL is defined 
as the available amount of carbohydrate in a portion of food multiplied by the GI value 
for the food, divided by 100 (GL=GI x available carbohydrate/100) (30). For one serving 
of food, a GL higher than 20 is regarded as high, a GL of 11-19 is considered medium, 
and a GL of equal to or less than 10 is considered low (33). 
  
Several factors can affect postprandial glycaemic response (31, 34-47). In terms of 
carbohydrate itself, the type of molecules and bonds that connect different molecules are 
major determinants of glycaemic responses (34, 36, 38). Besides, the presence of other 
components in a meal (e.g. fibre, fat, protein) (39, 40), the extent of mastication which 
leads to different particle sizes (34, 36, 38), the processing method (41) also have an 
impact on glycaemic response. Apart from these factors, variation in the characteristics 
of the participants play a role in the change of glycaemic response, such as age (42), 
gender (43), ethnicity (37), in vivo availability and activity of hydrolysis enzyme 
responsible for breaking down the bonds between molecules (44, 45), duration of 
ingestion (31), amount of sleep (46, 47) and glucose tolerance (e.g. normal, pre-diabetic, 
or diabetic). 
 6 
2.3 Metabolism of different types of sugar 
Sugar includes two main categories, monosaccharides and disaccharides. Predominantly 
there are three monosaccharides present in the diet, glucose, fructose and galactose. 
Glucose is the most important monosaccharide in the human body due to its role as the 
primary energy source. Glucose ingested directly, which is not a common method in 
healthy people’s daily diet, is absorbed by the intestine through glucose transporters and 
then released into the bloodstream. This process increases the blood glucose 
concentration and glucose enters various organs with the help with glucose transporters 
(48). Fructose is often bonded with glucose to form disaccharides but also has its free 
form. Free fructose is absorbed by the intestine after ingestion via GLUT5 (49). Then 
most of the fructose is extracted from the bloodstream into the portal vein of the liver via 
GLUT2 (49), which leads to a much smaller increment of blood glucose concentration 
compared with glucose ingestion (50). Although GLUT5, the main fructose transporter, 
has been found in endothelial cells of the blood brain barrier (20), there is no evidence to 
support that fructose can cross the blood brain barrier. However, two studies (50, 51) in 
which functional magnetic resonance imaging (fMRI) was used, showed that ingestion 
of fructose also resulted in activation of certain brain regions and the effect of fructose is 
partially different and partially overlapping with that of glucose. 
 
Sucrose is the most commonly used sugar in daily life. Sucrose is a disaccharide 
comprising one molecule of glucose and one molecule of fructose, which are connected 
by α-1, 2 glycosidic bond (Figure 1) (52). After ingestion, sucrose is broken down into 
glucose and fructose by sucrase-isomaltase enzyme complex, which is located in the 
lining of the small intestine (53).  Isomaltulose is a sugar naturally present in honey and 
sugar cane juices and a structural isomer of sucrose (54, 55). The difference between 
them is that in isomaltulose the glycosidic bond is α-1, 6 (Figure 1) (52). Isomaltulose 
is only half as sweet as sucrose. After entering the small intestine, isomaltulose is also 
hydrolysed by sucrase-isomaltase enzyme complex (52). However, the efficiency of 
sucrase-isomaltase enzyme complex to hydrolyse isomaltulose is only 26-45% of that for 
the hydrolysis of sucrose (44, 52), which leads to the glucose and fructose hydrolysed 
from isomaltulose entering the blood at a slower rate than those from sucrose. Therefore, 
isomaltulose causes relatively lower glycaemic response (GI of 32) compared with that 
of sucrose (GI of 65) (15). Isomaltulose has been used as a sweetener in Japan, South 
 7 
Korea and China, and has been approved as a food ingredient in Europe and the U.S (56). 
It has been approved by the Food Standards Australia New Zealand (FSANZ) as a novel 
food in 2007 (56). The identical monosaccharide constituents coupled with a difference 
in GI make isomaltulose and sucrose ideal carbohydrates by which to study the effect of 
glycaemic response on cognition. 
 
 
Figure 1 Structure of sucrose and isomaltulose 
2.4 Glycaemic response and cognitive function 
The close connection between glucose and brain activity raises the question as to whether 
blood glucose concentration change, which leads to a corresponding change in the 
glucose concentration in the brain (25), can affect cognition. It has been found that 
hypoglycaemia can lead to cognitive deficits (57, 58), but it remains unknown whether 
fluctuations of blood glucose concentration in the postprandial state can make a 
difference to cognition in healthy people. 
 
In order to obtain a clearer idea on this question, a literature review of English-language 
articles using Pubmed (up to July 2019) using the search terms “glyc(a)emic response” 
or “glucose” or “glyc(a)emic index” or “glyc(a)emic load” combined with “cognitive 
function” or “cognition” was carried out. In this literature review, four tables were 
constructed to summarize studies in which an association between glycaemic response 
and cognitive function has been assessed. These studies are categorized according to the 
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method of producing different glycaemic responses (different energy contents or 
different GI/GLs). In each category, studies are further divided according to the form of 
intervention (beverages or meals). Though the aim of most of the studies using beverages 
or meals of different energy contents is studying the impact of glucose ingestion or the 
impact of breakfast consumption on cognition, these studies are still included because 
giving drinks or food with different energy contents is one of the methods to generate 
divergent glycaemic responses. 
 
Table 1 includes studies in which beverages with different energy contents were used as 
interventions. In these studies, cognitive outcomes were usually assessed following 
ingestion of glucose drinks compared with non-energetic beverages. The study designs 
were either parallel or crossover and blinding was generally possible. In almost of all the 
studies, blood glucose concentrations were measured to profile glycaemic response. The 
test timing of cognitive function is usually around 15 minutes after ingestion, at which 
time exogenous glucose has started to enter the bloodstream (59). 
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1) GLU 25 g 
2) SAC 






1) GLU 50 g  
2) SAC 
W      15min 
 
1) VM: Paired-associates  
2) VM: Narrative Memory 
3) WM: Digit Span 
4) VSM: Visual Memory 
1) VM: NS 
2) VM: GLU + 
3) WM: NS 








1) GLU 50 g  
2) SAC 
W      10min 
 
1) VM: Paired-associates 
(including 24h delayed recall) 
2) VM: Logical Memory 
3) WM: Digit Span 
4) VSM: Geometric Figure 
1) VM: NS  
2) VM: GLU + (only in the elderly) 
3) WM: GLU + (only in the young) 












    20min Att/RT: Self-developed test 
 
















1) GLU 50 g  
2) SAC 
W      10min 1) VM: Selective Reading  
2) VM: Logical Memory 
3) WM: Digital Span 
4) VSM: ROCF 
5) SM: Ammon's Quick test 
6) Att/RT: Letter Cancellation 
7) PF: Finger Oscillation 
1) VM: GLU + 
2) VM: GLU + 
3) WM: NS 
4) VSM: NS 
5) SM: NS 
6) Att/RT: NS 





1) GLU 100g  




     30min 1) VM: Word Recall 
2) DM: Word Recognition 
 
1) VM: NS 






1) GLU 50 g  
2) SAC 
(drink before or 
after learning 
story) 
W      24h VM: Story Recall (only delayed 
recall tested) 
VM: GLU + (in both drinking before and 
after learning story) 
Parsons 10 1) GLU 50g W       5min 1) SM: Ammon's Quick test 1) SM: NS 
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1992 (66) (67.6) 2) GLU 25 g  
3) GLU 10 g 
4) SAC 





1) GLU 50g 
2) ASP 
B      15min 1) VM: Word Recall  
2) VSM: Spatial Memory test  
1) VM: NS 





1) GLU 75g (50g 
at 0 min +25g at 
25 min)  
2) ASP 
B      20min 1) Att/RT: Rapid Information 
Processing  
2) VM: Word Recall  
3) Att/RT: Stroop test  
1) Att/RT: NS 
2) VM: GLU + (only in the 
primacy/recency data, defined as the 
first/last four words of the lists) 








1) GLU 50g 
2) ASP 
W      15min 1) DM: Paragraph Recall  
2) DM: Modified version of 
CVLT  
3) DM: Pattern Recall and 
Recognition  
4) PM: Reaction Time task 
5) WM: Paced Serial Addition test  
6) SM: Verbal Fluency 
7) Att/RT: Stroop test 
1) DM: GLU + (only in older men with 
good BG recovery and younger subjects 
with poor BG recovery) 
2) DM: NS 
3) DM: NS 
4) PM: NS 
5) WM: NS 
6) SM: NS 





1) GLU 50g 
2) ASP 
W      15min 1) Att/RT: Inspection Time 
2) Att/RT: Reaction Time 
1) Att/RT: NS 






1) GLU 50 g  
2) SAC 
W      15min 1) VSM: Rey-Taylor Complex 
Figure  
2) Att/RT: Dichotic Listening  
3) Att/RT: Trail Making A&B 
4) SM: Verbal Fluency 
5) SM: Boston Naming 
6) VSM: Meier Visual test 
7) PF: Grooved Peghoard  
8) EF: Figural Fluency  
1) VSM: GLU + 
2) Att/RT: NS 
3) Att/RT: NS 
4) SM: GLU + 
5) SM: NS 
6) VSM: NS 
7) PF: NS 









1) GLU 50 g  
2) SAC 
W      15min PM: Word Priming, Recognition 
and Recall 





1) GLU 50 g  
2) SAC 
W      Not 
mentioned 
1) VM: Logical Memory  
2) WM: Digit Span  
3) VSM: Visual Memory Span 
4) VM: Paired-associates  
1) VM: NS 
2) WM: GLU + (only in poor BG 
recovery female subjects) 
3) VSM: NS 





1) GLU 25 g  
2) SAC  
3) Water 
B   
/ 
 
     5min 1) VM: Modified version of 
CVLT  
2) VSM: ROCF 
3) WM: Digit Span 
1) VM: GLU + 
2) VSM: NS 





1) GLU 50 g  
2) SAC (drinking 
24h after hearing 
story, then 
recall/hearing 
story 5min after 
drinking, recall 
after 24 h) 
W      -24h/ 
5min 
VM: Story Recall (only delayed 
recall tested) 














6) GLU 10mg/kg 
B      Not 
mentioned 
VM: Word Recall (only delayed 
recall tested) 
VM: GLU 300mg/kg + (only enhanced 
the primacy effect defined as the recall of 











1) GLU 50 g 
2) SAC & ASP 
B      20min 1) EF: Water Jars  
2) EF: Embedded Figure  
1) EF: NS 







1) GLU 50 g 
2) SAC & ASP 
B      20min 1) SM: Verbal Fluency  
2) VSM: Block Design  
3) EF: Porteus Maze 
1) SM: GLU + 
2) VSM: NS 





1) GLU 25 g  
2) SAC  
 
W       27min 1) WM: Serial Threes  
2) WM: Serial Sevens  
3) SM: Verbal Fluency  
1) WM: NS 
2) WM: GLU + 





1) GLU 50 g  
2) SAC  
B      15min DM: Face Recognition DM: NS (GLU group had marginally 





1) GLU 50 g  




W       30min 1) PF: Finger Tapping  
2) DM: Recognition Memory  
3) VM: Word Recall 
4) Att/RT: Bakan task 
1) PF: NS 
2) DM: GLU + 
3) VM: NS 
4) Att/RT: GLU + (only in sessions 
where subjects were informed that they 





1) GLU 50 g  
2) GLU 100mg/kg 
3) SAC 
B        15min VSM: Spatial Memory 
Acquisition and Retention  
 
VSM: GLU 100mg/kg + (only in the 





1) GLU 50 g  
2) SAC  
 
B        20min WM: Listening Span WM: GLU + 
(BG level not significantly different in 
two arms) 
Scholey 20 1) GLU 25 g  W       5min  1) WM: Serial Sevens  1) WM: GLU + 
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2001 (81) (22.7) 2) SAC  
 
2) SM: Verbal Fluency  
3) VM: Word Recall  
2) SM: NS (Strong trend to increase 
performance) 






1) GLU 25 g  
2) SAC  
(fasting or after 





      10min 1) VM: Modified version of 
CVLT  
2) VSM: ROCF 
3) WM: Digit Span 
1) VM: GLU + 
2) VSM: GLU + 





1) GLU 50 g  




      Immediate 
after 
ingestion 
1) VM: Paragraph Recall 
2) VM: Word Recall 
3) VM: Order Reconstruction  
1) VM: GLU + (only in more difficult 
paragraph) 
2) VM: NS 





1) GLU 25 g  
2) SAC  
W  
 
      20min 1) VM: Word Recall  
2) DM: Word Recognition 
1) VM: NS 
2) DM: NS 
Sünram-
Lea 
2002a (85)  
60 
(21) 
1) GLU 25 g  




      -25min 
/10min 
/25min 
1) VM: Modified version of 
CVLT (also test 24 h recall) 
2) VSM: Modified ROCF (only 
show 10s)  
3) WM: Serial Sevens 
1) VM: GLU + (only in delayed recall 
and 24h recall) 
2) VSM: GLU + 







1) GLU 25 g  




      10min 1) VM: Modified version of 
CVLT (interfered with hand 
motor/computerizing/listening 
another wordlist)  
2) VSM: Modified ROCF (only 
show 10s)  
3) WM: Serial Sevens 
1) VM: GLU + (only when interfered 
with hand motor or computerizing) 
2) VSM: GLU + 






1) GLU 500mg/kg 
2) GLU 100mg/kg 
3) GLU 10mg/kg 
4) GLU 50 g 
B         2min Att/RT: Test of Variables of 
Attention  
Att/RT: GLU 100 mg/kg group 










1) GLU 50 g  





      8min 1) Att/RT: Visual Search  
2) Att/RT:  Memory Search  
3) Att/RT: Trail Making A&B  
4) Att/RT: Letter Cancellation  
5) SM: Verbal Frequency  
6) VM: Word Recall (only 
delayed recall tested) 
1) Att/RT: NS 
2) Att/RT: NS  
3) Att/RT: NS 
4) Att/RT: NS 
5) SM: NS 







1) GLU 25 g 
(prior to learning)  
2) GLU 25 g 






   1, 7 and 14 
days 















   8min VM: Paired-associates 
(manipulated by varying the 
phonological similarity of the 
words and by varying the length 
of word lists) 






1) GLU 50g 




   
 










1) GLU 25 g  
2) SAC  
 
W    
 
   10min 1) VM: Paired-associates (under 
single and dual task conditions) 
2) VM: Word Recall 
3) SM: Word and category 
fluency  
4) SM: Computerized Semantic 
Verification task 
1) VM: NS 
2) VM: GLU + 
3) SM: NS 





1) GLU 25 g  
2) Sugar-free 
W      15min 1) Classroom behaviour 
2) VSM: Recall of objects test 
1) Classroom behaviour: GLU + 
2) VSM: GLU + 
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sweetener 3) Att/RT: Shakow Paradigm  
 





1) GLU 50 g  
2) SAC  




  Not 
mentioned 





1) GLU 50 g  





      15min 1) VM: Story Recall 
2) VM: Word Recall 
3) SM: Category Recall 
4) WM: Digit Symbols  
5) Att/RT: Letter Cancellation  
6) Att/RT: Trail Making A&B  
7) WM: Digit Span 
8) SM: Category Fluency 
1) VM: NS 
2) VM: GLU 50g +, GLU 25g + 
3) SM: NS 
4) WM: NS 
5) Att/RT: NS 
6) Att/RT: GLU 50g + (only in Trail 
making B)  
7) WM: NS 











    10min VM: Modified CVLT 
 
VM: GLU + (only in participants with 





1) GLU 25 g  
2) SAC  
B  
 
      20min DM: Word Recognition (+/- 
tracking task)   






1) GLU 25 g  
2) SAC  
B  
 
      20min DM: Word Recognition (+/- 
tracking task) 
DM: GLU + (only in participants who 







1) GLU 15g 












1) GLU 25g 




      15min DM: Word Recognition (under 
dual-task conditions) 
DM: NS 
Owen 90 1) GLU 60 g  B        15min 1) VM: Word Recall  1) VM: GLU 60 + 
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2010 (99) (21) 2) GLU 25 g  
3) Placebo 
 
 2) DM: Word Recognition  
3) DM: Face Recognition  
4) PM: Semantic Priming  
2) DM: GLU 60 + 
3) DM: NS 





1) GLU 25 g  
2) SAC  
W   
 









      10min 1) PsM: Naturalistic Prospective 
Memory task 
2) Att/RT: Sustained Attention to 
Response task  
1) PsM: + 











    10min VM: Modified CVLT 
 
VM: + (only in subjects reporting 






1) GLU 60 g 
2) GLU 50 g 
3) GLU 25 g 




      15min 1) VM: Word Recall  
2) DM: Word Recognition  
3) WM: Serial Threes 
4) WM: Serial Sevens 
5) WM: Corsi Block-tapping task  
1) VM: GLU 25 + 
2) DM: GLU 25 + 
3) WM: NS 
4) WM: NS 





1) GLU 60 g  






      20min 1) VM: Word Recall  
2) DM: Word Recognition  
3) WM: Serial Threes 
4) WM: Serial Sevens 
5) WM: Corsi Block-tapping task 
6) Att/RT: Stroop test 
7) Att/RT: Simple Reaction Time  
8) Att/RT: Choice Reaction Time 
1) VM: NS 
2) DM: NS 
3) WM: GLU 60 + (after 12h fasting) 
4) WM: GLU 25 + (after 2h fasting) 
5) WM: NS 
6) Att/RT: NS 
7) Att/RT: NS 





1) GLU 25g 
2) ASP  
B  
 
   
 
   15min Att/RT: Stroop test (control vs. 
congruent vs. incongruent) 
Att/RT: GLU + (only reduced reaction 
time in the congruent and incongruent 






1) GLU 25 g  





   
 
  15min 1) DM: Item Recognition 
2) Att/RT: Stroop test 
1) DM: GLU + (only in difficult words) 
2) Att/RT: NS (a trend of GLU 





1) GLU 25 g 










1) GLU 60 g  





      15min 1) VM: Word Recall  
2) DM: Word Recognition  
3) WM: Serial Threes 
4) WM: Serial Sevens 
5) WM: Corsi Block-tapping task 
1) VM: GLU 60 +, GLU 25 + 
2) DM: GLU 60 +, GLU 25 + 
3) WM: GLU 60 +  
4) WM: GLU 25 +  





1) GLU 25 g  
2) SAC  
W  
 
       10min DM: Word Recognition (+/- 
motor movement) 
DM: GLU + (only when motor 





1) GLU 50 g  
2) SAC 




    10min 1) VM: Word Recall  
2) VSM: Spatial Location 
Recognition  
3) VM: Category Verification 
1) VM: GLU + (only in delayed recall) 
2) VSM: NS 






1) GLU 25 g  




      15min DM: Process Dissociation 
Procedure Paradigm 
DM: GLU + (only in exclusion of error 









1) GLU 25 g  




      Testing at 
8:30 AM 
DM: Recognition Memory task 
(+/- secondary tracking task) 
DM: GLU + (only during the secondary 





1) GLU 50 g  
2) SAC  
 (before or after 
encoding/ 
B    
 
   10min VM: Paired-associates (tested 
again after one week) 
VM: GLU + (only in the test done one 
week later and glucose was given before 
recall) 
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before retrieval)  
ASP: aspartame; Att/RT: attention/response time; BG: blood glucose; CF: cognitive function; CVLT: Californian Verbal Learning Test; DM: declarative memory; EF: executive 
function; FRU: fructose; GLU: glucose; NS: no significant differences between beverages; PF: psychomotor function; PM: procedural memory; PsM: prospective memory; 
ROCF: Rey-Osterrieth Complex Figure; SAC: saccharin; SM: semantic memory; VM: verbal memory; VSM: visuo-spatial memory; WM: working memory; +: shows 
significant benefits. 
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There is little consistency among study findings. Among these studies, a beneficial effect 
of glucose ingestion on all of the assessed cognitive tasks was found in some studies (60, 
65, 71, 73, 74, 79, 80, 86, 89, 93, 95, 97, 102, 105, 107-109, 111-113) while other studies 
(59, 64, 69, 77, 84, 90, 96, 98, 100) reported that no cognitive test differences were found 
between glucose and non-caloric drinks. In some studies (9, 10, 61-63, 66-68, 70, 72, 75, 
76, 78, 81-83, 85, 88, 91, 92, 94, 99, 101, 103, 104, 106, 110), mixed results were found 
in which glucose only showed facilitation effects in parts of the cognitive tasks. Only one 
study (87) reported that the glucose group performed worse than the placebo group, 
 
Age 
There have been two studies carried out in children. In one study, reaction time was 
quicker following a glucose- compared with a saccharin-sweetened beverage (60). In the 
other study, some other aspects of cognition were better following glucose- compared 
with xylitol-sweetened beverages (92). However, a relatively high dose of xylitol was 
used in the second study and this may have caused gastrointestinal disturbances (114) 
that could have adversely affected the children’s cognitive performance. Hence, paucity 
of data and inconsistent findings in children preclude a conclusive effect. 
 
Results from the studies on the young adults are more mixed, even in the verbal memory 
domain, which is usually regarded as the most sensitive domain to glucose supplement 
(115). In some studies (59, 62, 64, 78, 81, 84, 104), no difference between glucose and 
non-energetic drinks were reported while in other studies (10, 67, 74, 82, 85, 86, 88, 89, 
95, 99, 102, 103, 108, 113) glucose ingestion improved the scores. This inconsistency 
may be explained by the theory that young healthy adults are already functioning near 
optimal cognitive capacity, which makes it more difficult for glucose to show facilitating 
effects (116). In one study involving middle-aged adults, glucose ingestion lead to better 
outcomes in the Word Recall test and the Trail Making Test (94). 
 
There were 12 studies involving the elderly (61-63, 65, 66, 68, 70-73, 91, 112) and in all 
of them a glucose facilitation effect was found in at least one domain. The domain that 
most consistently benefitted from glucose ingestion was verbal memory, with positive 
results found in seven (61-63, 65, 66, 73, 91) out of eight studies (61-63, 65, 66, 72, 73, 
91) in which verbal memory was tested. 
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Overall, the elderly seem to be the most sensitive to cognitive improvement from glucose 
ingestion compared with young adults. This phenomenon may be caused by the reduced 
brain glucose metabolism (i.e. the capacity for facilitated glucose transport crossing the 
blood-brain barrier) (117) as a consequence of ageing, which may make the elderly more 
sensitive to the facilitative effect of glucose ingestion. 
 
Dose 
Although various doses of glucose have been tested among these studies, 25 g (9, 10, 60, 
66, 76, 81, 82, 84-86, 88, 89, 91, 92, 94-109, 111, 112) and 50 g (59, 61-63, 65-73, 75, 
77-80, 83, 88, 90, 93, 94, 103, 110, 113) are the most commonly investigated doses. A 
dose of 25 g has been often cited as the optimum dosage for cognition (115) mainly due 
to some studies (66, 103) in which only 25g glucose demonstrated a facilitative effect in 
verbal memory domains when 50g glucose, 25g glucose and non-caloric sweeteners were 
compared together. However, some other studies (88, 94) did not support this conclusion, 
in which both 25g and 50g glucose improved the performance in the Word Recall test 
and only 50g glucose improved the scores of Trail Making test. The results of other 
studies (99, 104, 108) in which 60g glucose, 25g glucose and placebo drinks were 




Overnight fasting is commonly specified although in some studies participants were only 
required to be fasting for 2 - 4.5 hours (9, 64, 66, 85, 86, 90, 94, 98, 106, 107) and in 
some other studies fasting was not a requirement (59, 60, 67, 69, 75, 92, 93, 100). An 
overnight fast ensures that the starting blood glucose concentration is not affected by a 
previous meal whereas no fasting or a shorter fast may have a carryover effect. 
 
Cognitive domains and tasks 
The cognitive domains most commonly assessed are memory (verbal, visual-spatial, 
working) and attention, in all of which the results are inconsistent. The cognitive tasks 
used among these studies are various, even in the same domains. The Word Recall test 
(59, 64, 67, 74, 78, 81, 83, 84, 88, 94, 99, 103, 104, 108, 110) is the most commonly used 
test for verbal memory. For visual-spatial memory, the Complex Figure test is commonly 
used (10, 63, 70, 82, 85, 86). Digit Span (10, 61, 62, 63, 72, 82, 94) and Serial Sevens 
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(76, 81, 85, 86, 103, 104, 108) are often used to assess working memory. The cognitive 
tasks used to test attention are more diverse but the Stroop test is common (67, 68, 104-
106). Again, the cognitive effects of glucose ingestions on these tasks are mixed. 
 
It has been suggested that the cognitive demand of the task is an important moderator 
variable when the cognitive impact of glycaemic response is explored. For example, Riby 
et al. (94) found that glucose only improved performance in Trail Making Test Part B 
and had no effect on the easier Trail Making Test Part A. It is worth noting that tasks 
which are too challenging may affect participants’ motivation for the tasks (17).  In 
addition, it seems that the glucoregulatory status may affect the cognitive response to 
different glucose concentration changes, even in normoglycaemic samples (68, 72). 
However, these studies had different directions in terms of how glucose regulation 
impacted cognitive functions after interventions. One (68) suggested that glucose 
improved cognition only in older males with good glucose recovery while the other (72) 
reported that glucose lead to better performance only in older females with poor glucose 
recovery. It is unknown whether a sex difference can explain the contradictory 
conclusions. 
 
Breakfast skipping compared with having breakfast generates differences in postprandial 
glycaemic differences. Less extreme variants of this approach have also been used by 
comparing cognitive performance following higher and lower energy breakfasts. Studies 
of these types are given in Table 2. 
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2) No BF 
W     
 
  180min 1) EF: Matching Familiar Figure 
test 
2) Att/RT: Continuous Performance 
test 
3) VSM: Hagen Central-incidental 
task 
1) EF: BF + (only in children in lower IQ) 
2) Att/RT: NS 







1) BF (at home) 
2) No BF 














2) No BF 
B   
 
    195 
min 
1) Att/RT: Memory and Search test 
2) Simple Addition test 
3) Att/RT: Sentence Verification 
task 
1) Att/RT: NS 
2) Simple addition test: NS 
3) Att/RT: NS 
Politt 39 1) BF W      180min 1) EF: Matching Familiar Figure 1) EF: BF + (only on difficult level) 
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1982 (120) (10.3) 2) No BF test 
2) Att/RT: Continuous Performance 
test 
3) VSM: Hagen Central-incidental 
task 
4) WM: Xylophone Tapping + Digit 
Span  
2) Att/RT: NS 
3) VSM: No BF + (only in analysis on 1st 
day of testing) 






2) No BF 
W   
 
    120min 1) VSM: Picture’s Location recall 
2) VM: Word Recall 
1) VSM: BF + (only finish quicker, same 
in number of error)  
2) VM: BF + (only finish quicker, same in 











W      15min 1) Att/RT: Continuous Performance 
task  
2) VSM: Map task 
3) VM: Story Recall 
4) VP: Rey Complex Figure copy 
5) WM: Digital Span 
1) Att/RT: BF +  
2) VSM: NS 
3) VM: NS 
4) VP: NS 






2) No BF 
B   
 
    BL, 40 
min 







2) No BF 
W   
 
    45min 1) Att/RT: Cancellation test 
2) VSM: Trail test + Logos test 
3) VM: Turkish Vocabulary test + 
Telephone Numbers test + Cued 
Recall test 
1) Att/RT: NS 
2) VSM: BF + (only in male) 






2) No BF 
B      BL, 60 
min 
1) VM: Word Recall 
2) DM: Word Recognition 
3) EF:  Logical Reasoning task 
4) EF:  Semantic Processing task 
1) VM: BF + 
2) DM: NS 
3) EF: NS 






2) No BF 
B      BL, 40 
min 







1) BF  
2) No BF 
W      BL, 45, 
90,135
min 
1) VM: Paired-associates 
2) VSM: One Card Learning task 
3) WM: One Back task 
4) PF: Chase test 
5) VSM: Groton Maze Learning test 
6) Att/RT: Detection task 
7) Att/RT: Identification task 
(All from CogState software) 
1) VM: NS 
2) VSM: NS 
3) WM: NS 
4) PF: NS 
5) VSM: NS 
6) Att/RT: NS 






2) No BF 
B   
 
    BL, 40 
min 





1) BF  
2) No BF 
W        BL, 
120 
min 
1) VM: Word Recall (only delayed 
recall tested) 
2) Att/RT: Choice Reaction Time 
3) Att/RT: Rapid Visual 
Information Processing task 
4) Att/RT: Stroop test 
5) WM: Serial Threes 
6) WM Serial Sevens 
1) VM: BF + (only in hard version) 
2) Att/RT: NS 
3) Att/RT: NS 
4) Att/RT: NS 
5) WM: BF+ 






2) No BF 
W        BL, 60, 
120min 
1) Att/RT: Simple Reaction Time 
2) Att/RT: Stroop test 
3) Att/RT: Four Choice Reaction 
Time 
4) Att/RT: N-back 
5) Att/RT: Rapid Visual 
Information Processing task 
1) Att/RT: NS 
2) Att/RT: NS 
3) Att/RT: NS 
4) Att/RT: NS 
5) Att/RT: NS 





1) Standard BF 
(424kcal)  
2) Low-calorie BF 
(12kcal) 
B   
 
    60, 240 
min 
1) VM: RAVLT 
2) Imp: Matching Familiar Figures 
test 
3) Att/RT: Continuous Performance 
test 
1) VM: NS 
2) Imp: NS 






1) Habitual BF 
2) Higher energy 
BF 
W      
 
 Test at 
11 AM 
1) VSM: Scale test 
2) Att/RT: Word test 
1) VSM: Higher energy BF + 





1) High energy BF 
(567 kcal for girl; 
832kcal for boy)  
2) Low energy BF 
(147kcal for girl; 
197kcal for boy) 





2) Grammatical Reasoning 
3) Number Checking 
4) Creativity 
1) Addition: NS 
2) Multiplication: NS 
2) Grammatical Reasoning: NS 
3) Number Checking: NS 






1) Large BF: 50g 
CHO 
2) Small BF: 10g 
CHO 
3) No BF 
B   
 
    15, 60 
min 
VM: Word Recall VM: NS 
Att/RT: attention/response time; BF: breakfast; BG: blood glucose; BL: baseline; CF: cognitive function; EF: executive function; Imp: impulsivity; NS: no significant 
differences between meals; PF: psychomotor function; RAVLT: Rey Auditory Verbal Learning Test; VM: verbal memory; VP: visual perception; WM: working memory; +: 
shows significant benefits. 
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There is heterogeneity in the findings of studies involving cognitive testing following 
breakfast or no breakfast. The majority of outcomes in this table are indicative that 
cognitive performance was independent of eating breakfast even though there are huge 
varieties in the cognitive domain, cognitive tasks and test timing chosen among these 
studies. Pollitt et al. (118, 120) reported skipping breakfast facilitated the Hagen central-
incidental task compared with having breakfast, which are the only studies indicating 
breakfast may have detrimental effect. There are occasional findings identified in which 
having breakfast has been associated with better cognitive function in certain group of 
participants. However, it is also reported that children’s perceived level of energy was 
found to be lower and their cheerfulness was diminished when going without breakfast 
(126). Any differences found in cognitive performance using breakfast versus no 
breakfast designs are therefore confounded by factors other than differences in glycaemic 
response, such as difference in mood induced by skipping or having breakfast. 
 
A similar heterogeneic pattern emerges when the energy content of breakfast meals has 
been manipulated, generally with null findings when comparing cognitive test results 
between breakfast types. An apparent exception was a study by Michaud et al. (130) 
involving 319 school-aged adolescents in which short term memory was better following 
a larger- compared with a smaller- breakfast. However, whether a difference in memory 
could be attributed to glycaemic differences induced by different breakfasts is unclear as 
the breakfasts were self-selected by the adolescents and eaten at home before going to 
school; the cognitive testing was undertaken at school at 11am after an unspecified time 
lapse between breakfast and testing; and there was no difference in blood glucose 
concentration measured at 11:30am between test days (130). Despite a larger breakfast 
being associated with better memory, the participants concentration was impaired by the 
larger, high energy breakfast. 
 
It is not possible to blind interventions to participants and researchers in these studies, 
which may cause bias. The group with no breakfast were more likely to feel hungry and 
uncomfortable. The possible preference for certain types of food may have an impact on 
mood and motivation. All these impacts on mood, motivation, and feelings can affect the 
performance in cognitive tasks (17). 
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Clearly, in the studies listed in this table, there are factors other than a difference in 
glycaemia that could have affected cognitive performance. Heterogeneity in findings and 
confounding preclude any firm conclusion on a possible role of glycaemia on cognition. 
 


















































































1) High-GI BF 
(GLU 50g 
consumed within 
10–12 min)  
2) Low-GI BF 
(GLU 50g 
consumption was 
divided into six 
equal loads within 
150 minutes) 
W   
 










1) WM: Self-developed working 
memory test 
2) Att/RT: Self-developed selective 
attention test 
1) WM: Low-GI BF + (at 90min) 







1) Milk & SUCo 
50g 
2) Milk& ISO 50g 
3) Water 
(Matched for E, 






    -35, 35, 
115min 
1) VM: Visual Verbal Learning test  
2) Att/RT: Psychomotor test  
3) WM: Serial Sevens  
1) VM: NS 
2) Att/RT: NS 






1) Standard milk 
(StM) 
2) Reformulated 
milk (more lactose, 
ReM) 
3) Standard milk 
enriched with ISO 
(IsoM) 
(Matched for E, 





   
 
   BL, 60, 
120, 
180min 
1) Att/RT: Simple Reaction Time & 
Digit Vigilance & Choice Reaction 
Time  
2) WM: Spatial Working Memory 
test  
3) WM: Numeric Working Memory 
test  
4) SM: Picture Recognition  
(All from Computerized 
Assessment System) 
1) Att/RT: IsoM + (only in 180min) 
2) WM: NS  
3) WM: IsoM + (in terms of decline of 
performance) 
4) SM: NS 
(Having a fourth arm of GLU 40g, not 





1) Milk (GL 5)  
2) Milk & GLU 32g  
(GL 35) 
3) GLU 65g (GL 
65)  
(Matched for E 
only) 
W        60, 120, 
180min 
1) Att/RT: Processing Speed test  
2) Att/RT: Attention Switch test  
3) Att/RT: Finding ‘A’s task 
4) VM: Visual Word Memory task 
5) WM: Digit Span 
6) WM: Inspection Time task 
(All from Inquisit 3.0 programme) 
1) Att/RT: NS 
2) Att/RT: NS 
3) Att/RT: NS 
4) VM: GLU + (only in girls, time point 
was not reported) 
5) WM: NS 





1) Standard milk 
(StM) (GI 70)  
2) Milk & ISO 2.5g 
per serving 
(ISO2.5) (GI 62.9) 
2) Milk & ISO 5g 
per serving (ISO5)  
(GI 59.2)  
 (Matched for E, 
CHO, FAT, PRO) 
W   
 
    BL, 60, 
120, 
180min 
1) Att/RT: Simple Reaction Time & 
Digit Vigilance & Choice Reaction 
Time  
2) WM: Spatial Working Memory 
test  
3) WM: Numeric Working Memory 
test  
4) SM: Picture Recognition  
(All from Computerized 
Assessment System) 
1) Att/RT: ISO2.5 + (only in Choice 
reaction time at 120 and 180min) 
2) WM: NS 
3) WM: StM +, ISO2.5 + (both better than 
ISO5+, no test timing reported) 
4) SM: ISO2.5 +, ISO5 + (both better than 
StM, no test timing reported) 
(Having a fourth arm of Milk & ISO 5g per 
serving & Protein powder, not discussed in 
this literature review) 
ASP: aspartame; Att/RT: attention/response time; BG: blood glucose; BL: baseline; CF: cognitive function; CHO: carbohydrate; E: energy; GI: glycaemic index; GLU: glucose; 
ISO: isomaltulose; NS: no significant differences between beverages; PRO: protein; RAVLT: Rey Auditory Verbal Learning Test; SAC: saccharin; SM: semantic memory; 
SUCa: sucralose; SUCo: sucrose; VM: verbal memory; WM: working memory; +: shows significant benefits. 
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Three studies involved children (135-137). Brindal et al. (136) reported a negative result 
in the primary analysis but suggested that the glucose group, which was used as the very 
high GL group, benefitted verbal memory in girls in the post-hoc analysis. Though using 
Continuous Glucose Monitoring System (CGMS) was an advantage, this study had some 
limitations, such as the failure to blind the interventions to both investigators and 
participants and unmatched macronutrient components in testing drinks, which could 
introduce bias and confounding. The studies of Taib et al. (135) and Sekartini et al. (137) 
were both conducted in South Asian children aged 5 to 6 years old and used the same 
cognitive tasks and testing time interval, but their results were inconsistent. In the work 
of Sekartini (137), GI was calculated based on the international table (138) but the 
differences among the calculated GIs is quite small (Standard milk 70 vs Milk with 2.5g 
isomaltulose per serving 62.9 vs Milk with 5g isomaltulose per serving 59.2). Taib et al. 
(135) did not provide the information about GIs. The three types of milk used as 
interventions (the standard milk, the reformulated milk and the isomlatulose-enriched 
milk) were matched for energy, total carbohydrate, fat, and protein content. Compared 
with the standard milk, the reformulated milk had less glucose and more lactose (GI value 
46) (15) and was assumed to have a lower GI. The difference between the reformulated 
milk and the isomaltulose-enriched milk was that the isomaltulose-enriched milk had less 
glucose and sucrose but more isomaltulose thus was assumed to have an even lower GI. 
Therefore, the order of the three types of milk in GI is supposed to be isomaltulose-
enriched milk < reformulated milk < standard milk. However, there is evidence that there 
can be a great difference between the calculated GI and the measured GI (139), indicating 
that it is difficult to check whether this is a real difference between these interventions' 
GIs. This uncertainty in glycaemic response may partly contribute to the divergent results 
of the two studies. 
 
Dye et al. (134) reported no difference in any of the cognitive tasks following the 
ingestion of different beverages at any testing time point in their research, which is the 
only one targeting young adults. This study had a strong experimental control for possible 
confounders. The study was double-blinded by using milk with sucrose or milk with 
isomaltulose and matched for sweetness and glycaemic responses were measured by 
CGMS. The only limitation is that it was impossible to blind participants from the control 
arm of plain water. 
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The work of Nilsson et al. (133) is the only study involving older people. The researchers 
required the participants to drink a glucose beverage in different approaches to mimic a 
high or low GI intervention. Drinking the beverage in 10-12 minutes was used to 
represent a high-GI intervention and consumption divided into six equal loads (sipping)  
within 150 minutes was used as a low-GI one. Though the researchers found that sipping 
was associated with improved working memory 90 minutes after ingestion and attention 
170 minutes after ingestion, the results should be viewed with caution. There is no doubt 
that the bolus drink was a high GI beverage, but whether the sipped drink  can be regarded 
as low GI is questionable since the GI of pure glucose drink is 100 (15). Besides, the 
different ways of glucose ingestion make double-blinding impossible, therefore, the 
benefit of sipping drinks may be attributed to the effect of the multiple times of having 
drinks rather than the more stable glycaemic response. 
 
In these studies in Table 4, foods have been chosen based on differences in GI or GL. 
The hypotheses underlying these study designs are that postprandial glucose enhances 
cognition and that the glycaemic profile of low GI products, providing increased blood 
glucose concentration over an extended time period, favours cognitive performance over 
a longer duration than high GI products. 
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1) High-SAG BF 
(GI 42.3)  
2) High-RAG BF 
(GI 65.9) 
(Matched for E, 
CHO, FAT, PRO) 
 
B   
 










1) GLU 38g 
2) Cereal 
(Shreddies, GL 15)  
2) Cereal  
(Cheerios, GL 15)  
4) No BF 
(Not matched for E, 
CHO, FAT, PRO) 
W   
 





1) VM: Word Recall 
2) Att/RT: Simple Reaction Time + 
Digit Vigilance + Choice Reaction 
time 
3) WM: Spatial Working Memory 
4) WM: Numeric Working Memory 
5) DM: Word Recognition 
6) DM: Picture Recognition 
(All from Cognitive Drug Research 
programme) 
1) VM: Shreddies +, Cheerios + (in 
decline of scores) 
2) Att/RT: Shreddies +, Cheerios + (in 
decline of scores) 
3) WM: NS 
4) WM: NS 
5) DM: NS 













2) HighRAG1 BF 
(Choco-Krispies, GI 
66)  
3) High-RAG2 BF 
(Coco Pops, GI 
unknown) 
(Not matched for E, 
CHO, FAT, PRO) 
B   
 
   
 




390 min  
 
1) VM: Word Recall  
2) Att/RT: Self-developed vigilance 
test 
3) Att/RT: Eight Lamp test 
1) VM: High-SAG BF+ (at 210 min) 
2) Att/RT: NS 











1) High-GI BF 
2) Low-GI BF  
3) No BF  
(GI value not 
offered; Not 
matched for E, 
CHO, FAT, PRO) 
 
W   
 
    75 min 1) VSM: Self-developed spatial 
map test  
2) WM: Digit Span  
3) VSM: ROCF  
4) Att/RT: Visual Vigilance test 
5) Att/RT: Auditory Vigilance test 
6) VM: Self-developed story recall 
1) VSM: Low-GI BF + (in correct items) 
2) WM: Low-GI BF + (only in girls) 
3) VSM: Low-GI BF +, High-GI BF + 
(both better than No BF only in copy 
scores) 
4) Att/RT: NS 
5) Att/RT: NS 







1) High-GI BF 
2) Low-GI BF  
3) NO BF  
(GI value not 
offered; Not 
matched for E, 
CHO, FAT, PRO) 
 
W   
 
    75 min 1) VSM: Self-developed spatial 
map test  
2) WM: Digit Span  
3) VSM: ROCF  
4) Att/RT: Auditory Vigilance test 
1) VSM: Low-GI BF + (in correct items) 
2) WM: Low-GI BF + (only in girls) 
3) VSM: High-GI BF + (in boys), No BF 
+ (in girls) 






A factorial design: 
high/low CHO (59 
/24 g) * high/low 
PRO (9.8 /1.7g) * 
high/low FAT (16 
/1 g) 
(GL of all 
B   
 
   
 
  30, 75, 
120 min 
1) VM: Word Lists   
2) Att/RT: Rapid Information 
Processing task + Eight Lamp task 
1) VM: NS (High PRO or Low CHO + 
Low FAT better, only in those with better 
glucose tolerance) 
2) Att/RT: High GL + (only in those with 




matched for E, 





1) High-GL BF 
(GL 17.9)  
2) Medium-GL  
BF (GL 12.1) 
3) Low-GL BF  
(GL 2.9) 
(Not matched for E, 
CHO, FAT, PRO) 
W  
 
     
 
180 min 1) Classroom behaviour 
2) VSM: Recall of objects test 
3) Reaction to frustration 
4) Att/RT: Shakow Paradigm  
 
 
1) Classroom behaviour: Low-GL BF + 
(increased time spent on task) 
2) VSM: Low-GL BF +  
3) Reaction to frustration: NS 






1) High-GI BF 
(GI 77) 
2) Low-GI BF 
(GI 42) 
(Not matched for E, 
CHO, FAT, PRO) 
W   
 
    -30, 10, 
70, 130 
min  
1) VM+DM: Word Recall + Word 
Recognition + Picture Recognition 
2) Att/RT: Simple Reaction Time + 
Digit Vigilance + Choice Reaction 
Time 
3) WM: Spatial Working Memory + 
Numeric Working Memory 
(All from Cognitive Drug Research 
programme) 
1) VM+DM: Low-GI BF + (at 10 and 
130 min) 
2) Att/RT: NS 







1) High-GI BF  
(GI 77) 
2)  Low-GI BF 
(GI 30) 
 (Matched for E, 
CHO, FAT, PRO) 
B   
 
   
 
  20min 
 
VM: Modified CVLT (+ secondary 
motor task) 
(60 min and 100 min for short and 
long delayed recall) 
 
 












Cross-sectional study 90min 1) SM: Word Generation 
2) VM: Word recall  
3) Att/RT: Stroop test 
4) Non-verbal IQ: Matrices 
5) Att/RT: Number Search  
1) SM: NS 
2) VM: High-GI BF + 
3) Att/RT: NS 
4) Non-verbal IQ: High-GL BF + 





 (Based on self-
reported BF, not 
matched for E, 
CHO, Fat, PRO)  








1) High-GL/ low-GI 
BF 
(GL 41, GI 48) 
2) High-GL 
/high-GI BF 
(GL 55, GI 61) 
3) Low-GL/ low-GI 
BF  
(GL 21, GI 48)  
4) Low-GL/ high-
GI BF 
(GL 28, GI 61) 
(Not matched for E, 




       
 
103 min 1) SM: Word Generation 
2) VM: Word Recall  
3) Att/RT: Stroop test 
4) Non-verbal IQ: Matrices 
5) Att/RT: Number Search  
6) WM: Serial Sevens  
1) SM: Low-GI BF + 
2) VM: NS 
3) Att/RT: High-GL/high-GI BF + 
4) Non-verbal IQ: NS 
5) Att/RT: High-GI BF + 






1) High-GL BF 
(GL 33) 
2) Medium-GL BF 
(GL 24) 
3) Low-GL BF 
(GL 18) 
(Matched for E and 
FAT only) 





1) Att/RT: Processing Speed test  
2) Att/RT: Attention Switch test  
3) Att/RT: Finding ‘A’s task 
4) VM: Visual Word Memory task 
5) WM: Digit Span 
6) WM: Inspection Time task 
(all from Inquisit 3.0 programme) 
1) Att/RT: NS 
2) Att/RT: NS 
3) Att/RT: NS 
4) VM: NS 
5) WM: NS  






1) High-GI BF 
(GI 72)  
2) Low-GI BF 
(GI 48)  




1) Att/RT: Stroop test  
2) WM:  Sternberg Paradigm  
3) Att/RT: Flanker task 
 
1) Att/RT: Low-GI BF + (RT at 120min 
compared with No BF, Accuracy 
compared with High-GI BF and No BF) 
2)  WM: Low-GI BF + (only in more 
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3) No BF 
(Matched for E, 
CHO, FAT, PRO) 
 complex task in terms of performance 
maintain) 
3) Att/RT: Low-GI BF + (only in more 






1) High-GI BF  
(GI 100) 
2) Low-GI BF  
(GI 45) 
(Matched for E, 
CHO, FAT, PRO) 
W   
 










1) WM: Self-developed working 
memory test 
2) Att/RT: Self-developed selective 
attention test 
1) WM: NS 






1) GLU 15g in 
yoghurt + 25g in 
drinks (GL 45.5) 
2) SUCo 15g in 
yoghurt + 25g in 
drinks (GL 34.9) 
3) ISO 15g in 
yoghurt + 25g in 
drinks (GL 24.3) 
(Matched for E, 
CHO, FAT, PRO) 
B    
 
   30, 105, 
195 min 
1) VM: Word Recall  
2) SM: Verbal Fluency 
3) WM: Serial Sevens  
4) Att/RT: Self-developed vigilance 
test  
5) Att/RT: Eight Lamp test 
1) VM: ISO + (better than GLU and 
SUCo at 195 min, only in subjects with 
better glucose tolerance) 
2) SM: NS 
3) WM: ISO + (only in subjects with 
better glucose tolerance at 180 min when 
compared with GLU) 
4) Att/RT: NS 





1) High-GL BF 
(GL 59.85)  
2) Low-GL BF 
meal  
(GL 31.63) 
(Matched for E, 





   60, 180 
min 
1) EM: Recall of objects test  
2) VSM: Self-developed spatial 
memory test 
3)Att/RT: Information Process 
Speed test  
4) Att/RT: Self-developed reaction 
time test 
5) Att/RT: Shakow Paradigm  
1) EM: Low-GL BF + (only at 180min) 
2) VSM: Low-GL BF + (only in second 
test day, no test timing reported) 
3)Att/RT: Low-GL BF + (only in second 
test day, no test timing reported) 
4) Att/RT: NS 







1) High-GI BF  
(GI 64.0) 
2) Low-GI BF  
(GI 29.4) 
3) Water 
(Not matched for E, 
CHO, FAT, PRO) 
W         BL, 60, 
120 min 
1) VM: RAVLT 
2) SM: Verbal Fluency  
3) Att/RT: Trail Making A&B 
1) VM: NS (A significant 
interaction between immediate VM and 
type of BF) 
2) SM: NS 
3) Att/RT: NS 
Att/RT: attention/response time; BG: blood glucose; BF: breakfast; BL: baseline; CF: cognitive function; CHO: carbohydrate; CVLT: Californian Verbal Learning Test; DM: 
declarative memory; E: energy; EM: episodic memory; GI: glycaemic index; GL: glycaemic load; GLU: glucose; ISO: isomaltulose; NS: no significant differences between 
meals; PRO: protein; RAG: rapid available glucose;  RAVLT: Rey Auditory Verbal Learning Test; ROCF: Rey-Osterrieth Complex Figure; SAG: slow available glucose; SM: 
semantic memory; SUCo: sucrose; VM: verbal memory; VSM: visuo-spatial memory; WM: working memory; +: shows significant benefits. 
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The findings of these studies have been inconsistent and contradictory. Some studies 
(140-142, 144, 145, 149-152) found low GI/GL meals were more beneficial in all or part 
of the cognitive tests, while others reported high GI/GL meals (13, 146, 147) could 
facilitate cognitive performance. Some studies (12, 148) did not find differences between 
low GI/GL and high GI/GL meals in terms of cognitive benefits. Besides, two studies 
(14, 143) reported that low-GI and high-GI breakfast were beneficial in different tasks. 
 
The contradictory results not only exist between different studies but also appear within 
studies. For example, in the work by Benton et al. (142), there was no difference in 
cognition using lower (plain biscuit) and higher (cereal bar) GI foods within the first 90 
min of the experiment when glycaemic differences were at their greatest; but a difference 
in word recall was found at 150 and 210 min when blood glucose concentrations between 
treatments were not different. This phenomenon may be explained by the theory that a 
steadier glycaemic response (i.e. a smaller change rate in the post-prandial glycaemic 
concentrations) are more important determinants of cognitive performance rather than 
the absolute values (116). However, if this theory is true, the non-energetic interventions 
may benefit the cognition more because the glycaemic response of non-caloric 
sweeteners will show the least fluctuation after ingestion. Besides, this theory is not 
supported by the study of Brindal et al. (148). The researchers measured the glycaemic 
response during the whole testing process by CGMS and assessed the cognitive 
constructs 60, 120, and 180 minutes after breakfast consumption. The iAUC between the 
High-/Medium-/Low- GL meals were significantly different but there was no difference 
found in any of the cognitive tasks at any of the time points. 
 
Three age groups have been targeted in these studies: children, young adults and the 
elderly. There are no consistent findings among any of the age groups, though it is 
suggested that children may be more responsive to the provision of glucose compared 
with adults (153) because children have higher local cerebral metabolic rates of glucose 
utilization (154). The commonly assessed domains in these studies include verbal 
memory, attention, working memory, and visual-spatial memory. The Word Recall test 
(14, 140-142, 145, 147, 151) is the most commonly used task to test verbal memory. 
Working memory is often assessed by Digit Span (143, 148) or Serial Sevens (14, 147, 
151). The most well-known test for visual-spatial memory is the Complex Figure test 
(143) though tasks for this domain are various.  The Stroop test is commonly used one 
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(14, 147, 149) to assess attention though some investigator-developed tests (142, 150, 
151-152) are often used in this domain. In most of the studies, cognitive functions were 
assessed two times or more. There is no consistency in the timing of administrating the 
tests, but in the studies favouring low GI/GL meals (140, 142, 144, 149-152), benefits 
usually appeared in a late test timing (120 minutes after consumption or later). It seems 
that these studies support the hypotheses that low-GI meals may benefit cognition at the 
late phase, however, if low-GI meals are beneficial because they are able to produce a 
higher blood glucose concentrations at this stage, it cannot be explained why high-GI 
foods do not show benefit at an earlier phase when high-GI food induce a higher 
glycaemia. 
 
Some studies (13, 151) in this category also suggested that glucoregulatory status was 
related to the cognitive effect of the interventions. However, the results of these studies 
are contradictory. The beneficial effect of high-GL meals in the former study and the 
facilitating impact of low-GL meals in the latter one were both in participants with good 
glucoregulatory control. It is worth noting that the criterion in these studies for allocating 
participants to good/poor glucoregulatory status was different. Nabb et al. (13) employed 
fasting blood glucose concentration with 5 mmol/l as the cut-off while Young et al. (151) 
adopted the blood glucose concentration at the time point of 120 minutes in the oral 
glucose tolerance test (OGTT) and used 7 mmol/l as the cut-off. Both values were chosen 
arbitrarily, and since the fasting glucose concentration and 2 hours’ one are often not 
related, it is possible that a subject who was categorized to the poor/good glucoregulatory 
status in one study should be in the opposite group if joining the other study. 
 
The problem of failing to make the intervention blind to either participants or researchers 
also exists in these studies. Only in two studies (151, 152) the authors claimed to 
accomplish a double-blind design by using meals with identical appearance. However, 
the sweetness was not matched in these two studies thus the impact of difference in 
sweetness among interventions cannot be excluded. 
 
Two other issues are common in studies using interventions with different GI/GLs: the 
failure to confirm different glycaemic responses and the failure to match for 
macronutrient components. Mahoney et al. (143) did not provide the information on the 
GI/GL of the interventions, which make aligning glycaemic response and cognitive 
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scores impossible. Several studies (140, 141, 144, 145, 151, 152) used calculated GIs 
based various source and did not profile the glycaemic response by measurement. 
However, there can be differences between the calculated GIs and the measured ones 
(139). Therefore, the association between glycaemic response and cognition concluded 
based on calculated GIs is less convincing. 
 
Some studies (12-14, 141-145, 148) used meals not only having different GI/GLs but 
also different in energy contents and macronutrient components, such as fat, protein, and 
fibre. As concluded in Table 1 and Table 2, the cognitive effect of energy content has 
not been confirmed so energy content can still be a potential confounding factor. In terms 
of macronutrients, there is evidence showing that fat and protein also have impacts on 
cognitive performance though they do not cause change in the blood glucose 
concentration (155). High fibre may cause gastrointestinal discomfort such as bloating 
and fullness, and it suggested these kinds of feelings may affect cognitive performance 
(7). Therefore, in these studies, macronutrient components can become confounding 
factors so that the impact of meals on cognitive tests cannot be simply attributed to the 
difference in GI/GLs. 
 
Both between- and within-subjects design can be found in the four tables. As mentioned 
previously, glycaemic response is various in different individuals, and this variation is 
also applied to cognitive functions, which are closely related to age, gender, education, 
socioeconomic status, and anthropometric measurements (156-158). Therefore, for 
studies with a between-subject design and a small sample size (89, 125), the results are 
less convincing because the effect of the interventions may be attributed to the 
differences in the subjects’ glycaemic response or baseline cognitive level instead of the 
interventions. From this point of view, a within-subject design can avoid this problem 
because every participant act as their own controls, but an appropriate sample calculation 
is still necessary. Besides, even in the same participant, the results of cognitive tests can 
be affected by other factors, such as current vigilance status, physical discomfort or sleep 
quality before the test (17). These factors can also become confounding factors thus 
adjusting for these possible confounding factors can make the results more reliable. 
Unfortunately, few studies have utilized these adjustments in the statistical analysis. 
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2.5 Conclusions and rationale for research 
As shown in the tables, although many studies have been conducted to explore the 
association between glycaemic response and cognitive function in healthy subjects, it is 
still difficult to draw solid conclusions based on existing evidence, no matter what 
methods of generating glycaemic responses or forms of interventions have been 
employed. Inconsistency in the results may be caused by the variation in the study 
designs and lack of control for confounding factors and bias. Therefore, a protocol with 
a study design that minimizes confounding factors and bias is warranted and can 
contribute to reducing the uncertainty around this topic. Among various kinds of 
carbohydrates, sucrose and isomaltulose are ideal to study the impact of different 
glycaemic response produced by different GIs. A non-energetic sweetener is also needed 
to further explore the effect of divergent glycaemic responses generated by different 
energy contents. Compared with meals, beverages are easier to realize double blinding 
and a match for macronutrient component. Profiling glycaemic response through 
measuring blood glucose concentrations, a within-subject study design with calculated 
sample size and adjusting for potential confounding factors are all helpful to obtain 

















3. Objective Statement 
The aim of this study is to examine the effects on cognitive function of three drinks with 
different glycaemic responses. 
 
This study’s objectives: 
• Develop a sucralose drink which matches the sweetness of the sucrose drink 
• Test whether the sucrose drink and the sucralose drink are notably different in    
             taste 
• Test the glycaemic responses of the sucrose drink and the isomaltulose drink 


























The study was conducted from November 2018 to April 2019 at the University of Otago, 
Dunedin, New Zealand. This study had three components. The first two components (a 
sensory test and a test of glycaemic response) were undertaken in preparation for the 
main research component, a randomised crossover trial in which tests of cognition were 
administered after ingesting three types of sweetened beverages, including a sucrose 
drink as the higher glycaemic response arm, an isomaltulose drink as the lower glycaemic 
response arm, and a sucralose drink as the negative control arm. 
4.1 Participants and recruitment  
Participants for the sensory test were obtained through verbal inquiry. Participants for 
the blood test and for the cognitive test were recruited by placing posters around the 
Dunedin campus of the University of Otago. An information sheet about the tests were 
sent to the potential participants and all participants signed a consent form before joining 
the test. 
4.2 Exclusion criteria 
The exclusion criteria were:  
(1) Outside the ages of 18 to 64 years 
(2) Having a diagnosis of pre-diabetes or diabetes, high blood pressure, heart disease, 
cancer, high cholesterol levels, liver disease, kidney disease, intestinal disease, clinical 
depression or colour-blind 
(3) Pregnancy or breastfeeding for women 
(4) Intolerance of or allergy to isomaltulose or sucralose 
4.3 Demographic and anthropometric data  
No demographic and anthropometric data were collected in the sensory test. In the blood 
test, demographic data and anthropometric data were collected during the first visit, 
which included the date of birth, sex, ethnicity, the time of the last meal and physical 
activity amount of the previous day. Weight and height were measured during the first 
visit. Height was measured from a freestanding calibrated stadiometer (Holtan Limited, 
Britain). Weight was measured from calibrated electronic scales (Seca Alpha, model 770, 
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Germany). Participants’ body mass index (BMI) was calculated by the equation: weight 
in kilograms/height in meters squared (kg/m2). The data on the time of the last meal and 
physical activity amount of the previous day were collected again during the second visit. 
 
The data collected on the first day of cognitive testing comprised date of birth, sex, 
ethnicity, highest educational qualification, sleeping quality and sleeping hours of the 
previous day, alcohol consumption of the previous day, time of the last meal, physical 
activity amount of the previous day, previous breakfast habit and whether English was 
the first language. Weight and height were measured during the first visit using the 
protocol described previously. Sleeping quality and sleeping hours of the previous day, 
alcohol consumption of the previous day, time of the last meal and physical activity 
amount of the previous day were collected again during the second and the third visit. 
4.4 Sensory testing 
The sensory test was conducted to match the sweetness of the sucrose and sucralose 
drinks. A comparison of the sweetness of the sucrose and isomaltulose beverages had 
been done previously by our research team and therefore was not repeated (159). 
4.4.1 Sweetened beverages 
Beverages (500ml) were sweetened with 50.00 grams sucrose (Caster Sugar, Pams; New 
Zealand) or 50.00 grams isomaltulose (Unflavoured Palatinose®, Myprotein; United 
Kingdom) or 0.12g sucralose (98% sucralose powder, J66736, lot: T21D050 Alfa Aesar; 
China). The isomaltulose drinks also contained 0.035g of sucralose in order to match the 
sweetness (159). The amount of sucralose consumed by each participant (0.12g) was well 
below the Acceptable Daily Intake of 15mg/kg body weight (900mg for a 60kg person) 
set by the European Commission (160). In order to increase palatability, drinks were 
carbonated and an artificial lemon flavour was added. 
 
Sweetened drinks were prepared on the day prior to testing. For the sucrose drinks, 50g 
of sucrose was dissolved in a beaker with 200ml boiled water. After the temperature of 
the mixture had dropped to room temperature, drinking water at room temperature was 
added to make the volume up to 500ml. The same procedure was used for the 
isomaltulose drink, except 0.035g sucralose was dissolved with 5ml boiled water and 
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added to the isomaltulose solution. For the sucralose drinks, 0.12g sucralose was 
dissolved in 5ml boiled water and then drinking water at room temperature was added to 
make the volume up to 500ml. To add flavour, 250ul of artificial lemon flavour (Lemon 
Flavoured Essence, Hansells; Australia) was pipetted into each drink which were then 
placed in a refrigerator at 4 ◦C for 10 hours. Following this period of refrigeration, the 
drinks were carbonated using a Sodastream machine (SodaStream International Ltd., 
New Jersey, United States) and returned to the fridge for another 10 hours. On each 
testing day, drinks were removed from the fridge and stored in iceboxes just before 
serving. 
4.4.2 Sensory test 
The sensory test was conducted in the University of Otago Sensory Science Centre. It 
was a blinded randomized crossover test (161) involving participants uninvolved in the 
subsequent cognitive tests. This test consisted of six computer-generated, random coded 
taste tests per participant. Each taste test required participants to ingest six lots of three 
10ml samples. Of the three 10 ml samples, two of the samples contained the same test 
beverage (sucrose or sucralose) and the third contained the alternative test beverage 
(sucralose or sucrose). Then participants answered computer-based questions which 
required them to choose the one sample that they found the taste was different from the 
other two. If they choose the correct sample, their answers would be regarded as correct 
responses. Participants were required to rinse with a sip of plain water before each ingest. 
4.5 Glycaemic testing 
This test was conducted to compare the glycaemic responses between the sucrose and 
isomaltulose drinks. We did not include the sucralose drinks in this test following the 
advice from the University of Otago ethics committee (Health) who regarded the 
negative control in the glycaemic testing was not necessary. 
 
Each participant drank the sucrose and isomaltulose drinks on different mornings after 
fasting overnight for at least 10 hours. Participants were required to be fasting from 9.30 
PM the day before the test with only water allowed. On the testing day, participants 
arrived at 7.30 AM and baseline blood samples were collected after which the 
participants consumed the drinks within 10 minutes. Blood samples were collected at 30, 
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60, 90, 120 and 150 minutes after beverage consumption. Participants fingers were 
pricked with a contact-activated 1.5 mm x 2.0 mm disposable lancet (BD Microtainer®, 
city, United States of America) and six 500uL capillary blood samples were collected in 
total. Blood was collected in a microtainer (BD Microtainer® Tube with BD 
Microgard™ Closure.Serum, 250-500 uL fill volume, code number 365963; United 
States of America). EDTA solution was added to the collection tubes prior to use. 
Immediately following blood collection, samples were centrifuged at 10000 x G for 10 
minutes at room temperature and stored at -20 ◦C until analysed. 
 
The plasma glucose concentrations were analysed on the Roche/Hitachi Cobas c311 
(Roche, Indianapolis, IN, USA) using an enzymatic colourimetric method. The blood 
glucose tests were performed with quality control measures following Westguard and 
manufacturers rules (Appendix D). Pooled Roche controlled serum samples of glucose 
were used during testing to determine the repeatability and accuracy of tests and intra- 
and inter-assay variation. The coefficients of variation for glucose PeriControl ClinChem 
Multi were 2.15% and 1.94%. 
4.6 Cognitive testing 
The cognitive tests examined the acute cognitive effects of three sweetened beverages 
with different glycaemic responses on healthy adults. Each participant drank the three 
types of beverages in different mornings after fasting for at least 10 hours. Participants 
were randomized to a different order of drinks and there was at least a one-week washout 
period between different drinks. The cognitive assessment, including two tests on 
memory and two tests on attention, was given 60 minutes after drinking beverages. Tests 
on satiety and mood were given along with the cognitive testing, but the detailed results 
of these two tests are not included in the thesis except that parts of the results in the mood 
and satiety questionnaire were used as adjusted factors during data analysis. To collect 
participants’ opinions about the drinks, we required the participants to fill in a 
questionnaire on the drinks in their final visit. 
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4.6.1 Cognitive assessment 
The two cognitive domains tested were memory and attention. Memory was tested by 
the Complex Figure test (visual memory) and the Word Recall test (verbal memory). 
Attention was tested by the Trail Making Test Part B and the Stroop test. 
 
Complex Figure Test:  three different figures were used in the three sessions (one figure 
for one session) to reduce the learning effect. The Medical College of Georgia Complex 
Figure 3 (162) was used in the first session, the Modified Taylor Complex Figure (163) 
was used in the second session and the Rey–Osterrieth Complex Figure (164) in the third 
session. The Rey-Osterrieth Complex Figure was the original version used in the 
Complex Figure test while the Modified Taylor Complex Figure and the Medical College 
of Georgia Complex Figures (including four figures in total) were alternative variants for 
it. The Modified Taylor Complex Figure was a validated variant for the Rey-Osterrieth 
Complex Figure (163) while there was a lack of data for whether the Medical College of 
Georgia Complex Figure was valid. However, since these were no other better choices, 
we still used the Medical College of Georgia Complex Figure and chose figure 3 from 
the four figures since there was evidence showing the completing time was longest in 
figure 3 although there was no difference in terms of the difficulties among the four 
figures (165). 
 
During the test, the complex figure was displayed on the computer screen for 2.5 minutes. 
During this time participants were asked to copy the figure onto a piece of blank paper. 
After 2.5 min, the investigators removed the paper copy. Following this, participants 
were required to replicate the figure from memory on blank pieces of paper commencing 
3 minutes and 30 minutes after the initial viewing of the figure. 
 
Word Recall Test: there were three wordlists with 25 words in each list for the three 
cognition testing days (one wordlist for each test day). These wordlists were based on 
the standardized and validated word categories and methods from the Hopkins Verbal 
Learning Test (166). Words were chosen randomly from a validated wordlist table 
containing 8 lists with 41 words in each list and then formed the three lists used in the 
cognitive test. Each word list was read and recorded before the test day by a native 
speaker at a speed of 2 seconds a word. These recordings were played back to participants 
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on test days. Recalls were conducted 3 minutes and 30 minutes after the words being 
broadcasted. 
 
Trail Making Test Part B: a self-developed website was used to conduct this test, which 
was based on the classic Trail Making Test Part B (167). To reduce the learning effect, 
the horizontally flipped version was used in the second session and the vertically flipped 
version was used in the third session (168). This test required participants to alternately 
connecting letters in alphabetical order and numbers in sequential order, e.g. 1 to A to 2 
to B and so on, to the letter L by the mouse. Before the former test, a warm-up exercise 
was given to the participant to familiarize with the interface. The number of mistakes 
made during the test and the time used to complete the task were documented by the 
website. 
  
Stroop Test: the website used to conduct this test was developed based on the code 
provided by a free-to-use toolkit PsyToolkit (169), which was a modification of the 
classic colour-word Stroop paradigm (170). The test consisted of 96 trials while the first 
16 trials were used as a warm-up session. An extra 16 trials were given during the first 
visit as the learning trials. In each trial, participants were required to indicate the colour 
of the presented stimulus, which was a coloured word (“Red”, “Yellow”, “Green” or 
“Blue” in red, yellow, green or blue ink). Colour words were presented in either a 
congruent colour or an incongruent colour. 
 
In the congruent trials, the meaning of the word was the same as the colour of the ink, 
while in the incongruent trials, the meaning of the word was different from the colour of 
the ink. Participants responded to the stimulus by pressing the associated button on the 
keyboard (“R” for Red, “Y” for Yellow, “G” for Green, “B” for Blue) as fast as they 
could (the longest time given for each trial was 2 seconds) without making too many 
errors. 20 congruent trials and 60 incongruent trials were included in the formal testing 
session. The number of correct answers in the congruent/incongruent trials, the time used 
in the correct congruent/incongruent responses, the time used in all the 
congruent/incongruent responses were documented by the website. The difference 
between the time used in the congruent trials and that in the incongruent trials were also 
provided by the website. 
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4.6.2 Mood, satiety and drink questionnaire 
Mood was assessed by 100-point visual analogue scales related to mood states of 
energetic arousal (vitality, energy), tense arousal (nervous, irritable), positive low arousal 
(calm, relaxed), and negative low arousal (drowsy, tired). The mood questionnaires (171) 
were answered before drinking and 60 minutes after drinking beverages. Satiety was 
assessed by 100-point visual analogue scales (172) with four questions “How hungry do 
you feel”, “how satisfied do you feel”, “How full do you feel”, and “How much do you 
think you can eat”. The satiety questionnaires were answered before drinking and 30, 60 
and 90 minutes after drinking beverages. The drink questionnaire included questions 
whether they were satisfied with the taste of the drinks, and how we could improve the 
drinks. 
4.6.3 Randomisation 
Participants in the cognition testing were computer randomized using Microsoft Excel 
(Microsoft Corporation, Redmond, Washington, the United States) to determine the 
order of drinks offered. There were six types of drinks order and each order was allocated 
a code from “A” to “F”. Each participant was given an ID number based on the order of 
recruitment. A random number generator was used to generate a random number for each 
ID. Then every 6 random numbers were sorted in ascending random number order. The 
ID with the smallest random number was given the code “A”, the ID with the second 
smallest random number was given the code “B” and so on. 
4.6.4 Double blinding 
The three sweetened beverages, which are indistinguishable in appearance were served 
to the participants in identical bottles. This resulted in the participants and the researchers 
conducting the tests being blinded to these interventions. The labelling of the bottles was 
conducted by a research assistant uninvolved in the cognitive test. 
4.6.5 Documentary chosen 
Participants were occupied during the waiting period before the cognitive assessment by 
watching documentaries selected by the researchers as having neutral impacts on mood. 
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4.6.6 Cognitive test day procedures 
The cognitive testing was undertaken in a University of Otago computer laboratory. The 
procedure involved undertaking tests of cognition at set intervals. In between testing, 
participants viewed investigator-selected documentaries. Each participant was required 
to be fasting since 9.00 PM in the previous day before testing. They were required not to 
consume alcohol or do vigorous exercise 24 hours before testing as well. 
 
Participants were required to arrive at the computer laboratory at 7.00 AM. After arriving, 
participants filled in the demographic questionnaire, baseline mood questionnaire and 
baseline satiety questionnaire first. To avoid distraction, participants were seated 
alternately (i.e. one seat was left unattended between two participants). Then participants 
were required to consume the allocated 500ml drinks in 10 minutes. The overall flow of 
events is shown in Table 5. 
Table 5 Procedure of the cognitive testing day 
Time (AM) Activity 
7:00 – 7:05    Demographic questionnaire  
Satiety questionnaire (Baseline)  
Mood questionnaire (Baseline) 
7:05 – 7:15    Beverage ingestion 
7:15 – 8:05  Watching documentary 
Satiety questionnaire (30minute, at 7:35)  
8:05 – 8:15 Satiety questionnaire (60 minute)  
Mood questionnaire (60 minute) 
Complex Figure test (copy the figure) 
Word Recall test (listen to the wordlist) 
8:15 – 8:45 
 
Complex Figure test immediate recall 
Word Recall test immediate recall 
Trail Making Test Part B 
Stroop test 
8:45 – 8:50 Satiety questionnaire (90 minute) 
Complex Figure test delayed recall  
Word Recall test delayed recall 
4.7 Statistical analysis 
For the blood testing, in-house data (159) indicated that a sample size of 12 was sufficient 
to detect a 33% change in glycaemic iAUC using the 5% level of significance with 80% 
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power. The iAUC was calculated by the trapezoid method. Confidence Interval on the 
difference between means of the blood glucose concentrations was calculated using 
Microsoft Excel (Microsoft Corporation, Redmond, Washington, the United States). 
 
It was estimated that to detect a small difference of 0.3SD between treatments in the 
cognitive test, at least 52 participants were required for 80% power at the 5% significance 
level. From previous in-house data (159), 0.3SD was approximately 8s for the Trail 
Making Test Part B, 1 in the Word Recall test, and 73 in the Stroop test. Participants’ 
inter-individual differences in cognitive test scores were assessed using mixed-effects 
regression models with participant ID as a random effect. The analyses were performed 
via Stata statistical software package (version 15.0; StataCorp, Texas, the United States).  
4.8 Ethical approval 
Ethical approval for the glycaemic response test and the cognitive test were granted by 
the University of Otago ethics committee (Health) in November 2018 (Reference 
H18/129) and in January 2019 (Reference number H18/139). Consultations were 
undertaken with the Ngāi Tahu Research Consultation Committee. The trial was 













11 participants were involved in the sensory test, 12 participants joined the glycaemic 
response test and 55 participants finished the cognitive test. Participant randomisation, 




Figure 2 Study design and participant flow of the cognitive test 
5.1 Sensory test 
In the sensory test between the sucrose and sucralose drinks, there were 31 correct 
responses among the 66 trials of triangle tests given by the participants (n=11). Since 32 
or more correct responses are needed to indicate that the participants can tell the 
difference in the sweetness of the two drinks when 0.01 is used as the significance level, 
the test data indicate that participants were unable to distinguish differences in sweetness 
among the test beverages. 
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5.2 Glycaemic response test 
The demographic and anthropometric measurements of participants (n=12) in the 
glycaemic response test are shown in Table 6. 
 
Table 6 Participants characteristics in the glycaemic response test 
 Characteristics Participants (n=12) 
Sex1 Male 4 (33.3) 
 Female 8 (66.7) 
Age (years)2  28.4 (4.1) 
Ethnicity1 European 6 (50) 
 Asian 4 (33.3) 
 Middle Eastern 2 (16.7) 
BMI (kg/m2)2  22.0 (7.6) 
1 Results presented as n (%) 
2 Results presented as Mean (Standard deviation) 
 
The glycaemic responses after consuming sucrose and isomaltulose drinks are shown in 
Figure 3. In the sucrose group, compared with the baseline values, the glucose 
concentration 30 minutes after ingestion (4.82 vs 8.49 mmol/L, mean difference -3.7 (-
4.6, -2.8) mmol/L, P< 0.001) and 60 minutes after ingestion (4.82 vs 6.22 mmol/L, mean 
difference -1.4 (-2.2, -0.7) mmol/L, P= 0.002) were all significantly higher. Similar 
results could be found in the isomaltulose group (0min vs 30min: 4.82 vs 6.39 mmol/L, 
mean difference -1.6 (-2.1, -1.1) mmol/L, P< 0.001; 0min vs 60 min: 4.82 vs 5.96 mmol/L, 
mean difference -1.1 (-1.8, -0.5) mmol/L, P= 0.002). The glucose concentration 30 
minutes after consuming the sucrose drinks was significantly higher than that after 
consuming the isomaltulose drinks (8.5 vs 6.4mmol/L, mean difference 2.1 (1.1, 3.1) 
mmol/L, P< 0.001), though there was no significant difference in baseline values (4.82 
vs 4.82 mmol/L, mean difference 0.002 (-0.4, 0.4) mmol/L, P= 0.99) and concentrations 
60 minutes after ingestion (6.22 vs 5.96 mmol/L, mean difference 0.3 (-0.7, 1.2) mmol/L, 
P= 0.55) between the two groups. The glucose iAUC induced by sucrose and 






Figure 3 Glycaemic response after consuming sucrose and isomaltulose (iAUC) 
5.3 Cognitive Test 
The demographic and anthropometric measurements of participants (n=55) in the 
cognitive test are shown in Table 7. Our participants are relatively young and have a 
relatively high educational level. 
 
Table 7 Participants characteristics in the glycaemic response test 
 Characteristics Participants (n=55) 
Sex1 Male 14 (25.5) 
 Female 41 (74.5) 
Age (years)2  25.5 (5.7) 
Ethnicity1 European 25 (45.5) 
 Chinese 11 (20) 
 Indian 2 (3.6) 
 Other 17 (30.9) 
Highest educational 
qualification1 
Secondary school 13 (23.6) 
 University undergraduate 21 (38.2) 
 University postgraduate 20 (36.4) 
 Other 1 (1.8) 
BMI (kg/m2)2  23.5 (4.1) 
1 Results presented as n (%) 
2 Results presented as Mean (Standard Deviation) 
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The results of cognitive tests among different drinks are shown in Table 8 and Table 9. 
The scores of the Complex Figure test, the Word Recall test, the Stroop test were not 
significantly different among these three drinks. 
 








score of Complex 
Figure test 
30.65 (4.46) 30.03 (4.57) 30.25 (4.78) 
Delayed recall score 
of Complex Figure 
test 
30.75 (4.52) 29.98 (4.75) 30.25 (5.00) 
Immediate recall 
score of Word 
Recall test 
9.22 (4.28) 9.40 (3.63) 9.51 (4.47) 
Delayed recall score 
of Word Recall test 
8.89 (4.24) 9.40 (3.98) 9.18 (4.76) 
Mistake numbers of 
Trail Making Test 
Part B 
2.31 (4.61) 0.78 (1.79) 1.53 (5.12) 
Time of Trail 
Making Test Part B 
(s) 
56.83 (18.41) 54.42 (19.96) 54.29 (19.06) 
Number of correct 
congruent response 
in Stroop test 
19.67 (0.58) 19.73 (0.68) 19.78 (0.46) 
Time of correct 
congruent response 
in Stroop test (ms) 
773.31 (136.81) 764.60 (126.88) 769.40 (132.86) 
Time of all 
congruent response 
in Stroop test (ms) 
777.55 (138.10) 771.09 (133.78) 768.78 (132.83) 
Number of correct 
incongruent 
response in Stroop 
test  
57.76 (2.92) 58.07 (2.45) 58.02 (2.08) 
Time of correct 
incongruent 
response in Stroop 
test (ms) 
871.95 (150.10) 854.02 (133.11) 862.85 (157.87) 
Time of all 
incongruent 
response in Stroop 




the time of correct 
congruent response 
and the time of 
correct incongruent 
response in Stroop 
test (ms) 
98.63 (68.44) 89.42 (56.53) 93.45 (70.92) 
Difference between 
the time of all 
congruent response 
and the time of all 
incongruent 
response in Stroop 
test (ms) 
101.75 (70.18) 90.11 (60.92) 100.42 (75.07) 
 
In the Trail Making Test Part B, the completing time was not different among the 
beverages, but the number of mistakes was significantly fewer after consuming the 
isomaltulose drink compared with the sucrose one. To check whether this result could be 
caused by the learning effect of some participants, we compared the number of mistakes 
made in the first and the following visits. While the difference in the number of mistakes 
between the first and second or third visit was less than 5 in most of the participants, 
there were only three participants who made 5 more mistakes in their first visit compared 
with their following visits. Besides, the three participants all had the sucrose drink in 
their first visit. Two of them had the isomaltulose drink in their second visit and one had 
isomaltulose in the third visit. After deleting these participants’ data, there were no 
differences between the isomaltulose drinks and sucrose drinks in terms of mistake 
numbers (-0.82 [-1.74,0.09], P= 0.078). Therefore, we believe there is a high possibility 
that the positive result was caused by chance. 
 
Table 9 Mean difference (95% Confidence Interval) of cognitive test scores between drinks 













score of Complex 
Figure test 
-0.81 (-1.90, 0.28) 0.146 -0.37 (-1.44, 0.70) 0.496 0.44 (-0.65, 1.53) 0.428 
Delayed recall 
score of Complex 
Figure test 
-0.96 (-2.04, 0.11) 0.079 -0.47 (-1.53, 0.60) 0.388 0.50 (-0.58, 1.57) 0.365 
Immediate recall 
score of Word 
Recall test 
0.28 (-0.67, 1.23) 0.566 0.28 (-0.66, 1.22) 0.556 0.004(-0.94, 0.95) 0.994 
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Delayed recall 
score of Word 
Recall test 
0.59 (-0.34, 1.53) 0.211 0.30 (-0.63, 1.22) 0.528 -0.30 (-1.23, 0.63) 0.529 
Mistake numbers 
of Trail Making 
Test Part B 
-1.59 (-2.70, -0.48) 0.005 -0.74 (-1.84, 0.36) 0.186 0.85 (-0.25, 1.96) 0.130 
Time of Trail 
Making Test Part 
B (s) 






0.04 (-0.15, 0.23) 0.670 0.11 (-0.08, 0.30) 0.264 0.07 (-0.12, 0.26) 0.494 
Time of correct 
congruent 
response in 
Stroop test (ms) 
-10.84 (-34.30, 12.62) 0.365 -3.63 (-26.79, 19.53) 0.759 7.21 (-16.11, 30.53) 0.545 
Time of all 
congruent 
response in 
Stroop test (ms) 






0.28 (-0.42, 0.97) 0.437 0.21 (-0.47, 0.90) 0.541 -0.06 (-0.75, 0.63) 0.863 
Time of correct 
incongruent 
response in 
Stroop test (ms) 
-18.34 (-43.49, 6.80) 0.153 -7.19 (-32.01, 17.64) 0.570 11.16 (-13.84, 36.16) 0.382 
Time of all 
incongruent 
response in 
Stroop test (ms) 
-17.78 (-44.68, 9.12) 0.195 -7.80 (-34.36, 18.75) 0.565 9.98 (-16.76, 36.72) 0.465 
Difference 
between the time 
of correct 
congruent 
response and the 
time of correct 
incongruent 
response in 
Stroop test (ms) 
-8.36 (-26.02, 9.30) 0.354 -3.79 (-21.26, 13.68) 0.671 4.57 (-13.01, 22.15) 0.611 
Difference 
between the time 
of all congruent 
response and the 
time of all 
incongruent 
response in 
Stroop Test (ms) 
-11.07 (-31.35, 9.21) 0.285 0.08 (-20.01, 20.17) 0.994 11.15 (-9.06, 31.35) 0.280 
* Differences were adjusted by the order of drinks, whether sleeping well in the previous night, the degree of 
drowsiness before the test, and the degree of hunger before the test. 
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In order to check the learning effect during the test, we compared the results of cognitive 
tests among different visits and the data are shown in Table 10 and Table 11. 
 
Table 10 Mean (Standard Deviation) of cognitive test scores among different visits 
 The first visit The second visit The third visit 
Immediate recall 
score of Complex 
Figure test 
31.21 (4.35) 30.12 (4.54) 29.60 (4.79) 
Delayed recall score 
of Complex Figure 
test 
31.17 (4.44) 30.15 (4.73) 29.65 (5.01) 
Immediate recall 
score of Word 
Recall test 
8.91 (3.39) 10.58 (4.29) 8.64 (4.40) 
Delayed recall score 
of Word Recall test 
8.60 (3.54) 10.25 (4.65) 8.62 (4.54) 
Mistake numbers of 
Trail Making Test 
Part B 
1.96 (3.61) 1.60 (5.22) 1.05 (3.34) 
Time of Trail 
Making Test Part B 
(s) 
61.83 (23.77) 53.92 (15.71) 49.80 (14.73) 
Number of correct 
congruent response 
in Stroop test 
19.71 (0.63) 19.69 (0.63) 19.78 (0.46) 
Time of correct 
congruent response 
in Stroop test (ms) 
799.69 (138.87) 763.42 (127.06) 744.20 (124.34) 
Time of all 
congruent response 
in Stroop test (ms) 
801.80 (141.32) 768.93 (131.67) 746.69 (125.62) 
Number of correct 
incongruent 
response in Stroop 
test  
57.42 (2.94) 58.22 (2.23) 58.22 (2.20) 
Time of correct 
incongruent 
response in Stroop 
test (ms) 
902.27 (164.79) 854.53 (132.82) 832.02 (133.85) 
Time of all 
incongruent 
response in Stroop 
test (ms) 
911.25 (171.32) 860.15 (138.52) 838.29 (138.30) 
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In the Complex Figure test, the score in the third visit was significantly lower than that 
in the first visit. In the Word Recall test, the score in the second visit was the highest. In 
the Trail Making Test Part B, the completing time was the longest in the first visit and 
there was no difference in terms of mistake numbers. In the Stroop test, the performance 
was worst during the first visit in almost all indicators except the number of correct 
congruent response and the number of correct incongruent response. 
 
Table 11 Mean difference (95% Confidence Interval) of cognitive test scores between visits 




 Third - First* P 
value 
Third - Second* P 
value 
Immediate 
recall score of 
Complex 
Figure test 
-0.95 (-2.02, 0.11) 0.079 -1.34 (-2.41, -0.26) 0.015 -0.38 (-1.44, 0.68) 0.479 
Delayed 
recall score of 
Complex 
Figure test 
-0.91 (-1.97, 0.15) 0.094 -1.26 (-2.33, -0.18) 0.022 -0.35 (-1.41, 0.71) 0.516 
Immediate 
recall score of 
Word Recall 
test 
1.62 (0.77, 2.47) <0.001 -0.43 (-1.29, 0.43) 0.329 -2.05 (-2.90, -1.20) <0.001 
Delayed 
recall score of 
Word Recall 
test 




Test Part B 
-0.27 (-1.41, 0.86) 0.635 -0.76 (-1.91, 0.39) 0.194 -0.49 (-1.62, 0.64) 0.398 
Time of Trail 
Making Test 
Part B (s) 













-36.91 (-57.68, -16.13) <0.001 -55.57 (-76.69, -34.46) <0.001 -18.67 (-39.36, 2.03) 0.077 











Stroop test  







-46.35 (-67.84, -24.86) <0.001 -68.47 (-90.32, -46.62) <0.001 -22.12 (-43.53, -0.71) 0.043 





-49.34 (-72.50, -26.19) <0.001 -71.07 (-94.61, -47.52) <0.001 -21.72 (-44.79, 1.35) 0.065 
*Differences were adjusted by the order of drinks, whether sleeping well in the previous night, the degree of drowsiness 
before the test, and the degree of hunger before the test. 
 
In terms of the satisfaction for the beverage, nearly two-thirds of the participants (n=37, 
67.3%) expressed that they were satisfied with the taste of our drinks. Those who were 
not satisfied with the drinks commented that they felt the drinks were too sweet, too fizzy, 






















The aim of this study was to assess whether tests of cognition were dependent upon 
circulating postprandial glycaemia. In this study, two methods were used to create 
different glycaemic responses via beverages with different energy contents and 
beverages with different GIs. Despite differences in glycaemia, there were no significant 
differences in cognitive outcomes in response to the ingestion of different sweetened 
drinks. Though the age ranges in the inclusion criteria were wide in order to facilitate the 
recruitment of participants, only three of the 55 participants are between 35 and 40 years 
old and the rest are all between 18 and 35 years old. Therefore, the current research 
mainly focuses on young adults. 
 
Previous studies have been conducted based on the theory that cognitive performance 
can be improved by increasing blood glucose concentrations. However, the results of 
these studies did not always support this theory. Some studies (9, 132, 134) did not show 
differences in cognitive performance despite differences in blood glucose concentrations 
after consuming different interventions. In one study, reported differences in cognitive 
performance occurred at a time point when blood glucose concentrations were not 
different; while no differences in outcomes were found when concentrations were 
different (142). Similarly, in some studies in which higher-GI and lower-GI drinks or 
meals were compared, a benefit of lower-GI interventions was shown at a later phase 
(usually 120 minutes or later) when the blood glucose concentrations were supposed to 
be higher in the low-GI group (140, 142, 144, 145, 149-152). This does not explain why 
the high-GI group did not perform better at an earlier phase (around 30 minutes) since 
the blood glucose concentrations were supposed to be higher in the high-GI group at that 
time. 
 
These findings cast doubt on the theory that higher glycaemia is associated with better 
cognition. The neurons need to obtain glucose from the extracellular fluid in the brain 
(115) and the change of glucose concentrations in the brain was about 30 minutes behind 
the change in the plasma (25). These findings lead us to doubt whether the higher 
availability of glucose in the extracellular fluid of the brain is more relevant to better 
cognitive outcomes. Therefore, in the current study, tasks were administered 60 minutes 
after ingestion, which is a time point when differences of glucose concentrations in the 
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brain would be expected to be maximal between different groups. In the glycaemic 
response test, the blood glucose concentrations at the time point of 30 minutes in the 
higher-GI and lower-GI groups were significantly different. This fact combined with the 
findings on the lapse between the change of plasma glucose concentrations and glucose 
concentrations in the brain extracellular fluid (25) can lead to the conclusion that at the 
test timing in the current study, the glucose concentrations in the interstitial fluid of the 
brain were very likely to be different. 
 
The types of sugar we used were sucrose and isomaltulose, which are medium GI and 
low GI sugar, respectively. In some studies (135, 151) a high GI sugar, glucose, has been 
used to maximise differences in glycaemic response of different beverages (135, 151). 
However, the use of glucose makes the saccharide component of drinks different when 
compared with either sucrose or isomaltulose in terms of the ratio between glucose and 
fructose. It has been found that glucose and fructose can activate different regions of the 
brain (51) thus if there is a difference in the cognitive effects, the difference cannot be 
fully attributed to the different GIs. Besides, using sucrose and isomaltulose is more 
ecologically valid than pure glucose drink since it is very rare to drink glucose directly 
in daily life. 
 
In order to match the sweetness, we added sucralose to the isomaltulose drinks, so there 
is a possibility that the cognitive effects from the isomaltulose group are a combination 
of the effects of isomaltulose and sucralose. Although it was reported that ingestion of 
sucralose could activate certain areas of the brain (173), whether this activation can be 
directly connected with detectable cognitive effects is unknown (17). It is worth noting 
that the dose of sucralose (1.2g/100g water) used in that study (173) is much higher than 
ours (24 mg/100g water), thus whether our doses can lead to similar activation is also 
unknown. Besides, the glycaemic response induced by a high-dose of sucralose 
(800mg/500ml water) was not significantly different from water (174), therefore, even if 
sucralose has an impact on cognition, it is very unlikely that this effect is associated with 
the change of glycaemia and the following change of glucose concentrations in the brain 
interstitial fluid. 
 
It has been suggested that 25g glucose is the optimal dose for memory (115, 116). 
However, the evidence underpinning 25g as the optimal dose is not wholly consistent 
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since some studies do not support that 25g as being superior to other amounts (88, 94, 
99). In the working of Meikle (88) and Riby (94), 25g and 50g showed similar cognitive 
benefits. Owen et al. (99) even found the 60g group had better cognitive performance 
than the 25g group. Besides, this dose applies only to glucose indicating that it may not 
be a suitable reference amount for sucrose and isomaltulose. In fact, in studies in which 
sucrose and/or isomaltulose were used (134, 151, 152), 50g or a dose close to 50g has 
been the norm. It is possible that 25g sucrose and isomaltulose may not be able to create 
glycaemic responses with significant differences, which will affect the further research 
on the relationship between glycaemia and cognition. Based on these reasons, we chose 
the dose of 50g for our study. 
 
The studies comparing the cognitive effects of interventions with different energy 
contents occupied the majority of the literature. In the studies in which beverages were 
adopted and healthy young adults were recruited, no significant difference was found in 
verbal memory (59, 64, 81, 84), visual-spatial memory (10, 59, 75, 100), or attention (69, 
88, 106). Our data are consistent with these findings. In contrast, some glucose 
facilitating effect has been reported in verbal memory (10, 82, 83, 85, 86, 88, 89, 99, 103, 
108), visual-spatial memory (82, 85, 86), and attention (9, 105). However, it is difficult 
to compare among these studies to obtain any general or consistent insight into possible 
mechanisms due to considerable inter-study variations. The doses used includes 25g (9, 
10, 76, 81, 82, 84-86, 89, 100, 105, 106), 50g (59, 69, 75, 83, 103) and 60g (103, 104, 
108). The fasting regimens comprise overnight fasting (10, 81, 83, 84, 88, 89, 99, 103, 
105, 108), 2 hours fasting (85, 86, 106), 4-4.5hours fasting (9, 64) and no fasting at all 
(59, 69, 75, 100). The cognitive tasks are various even for one domain. For instance, not 
only the Word Recall test (59, 64, 83, 84, 88, 99, 103, 108), but also modified version of 
California Verbal Learning Test (10, 82, 85, 86) and Paired-associates (89) were used to 
evaluate verbal memory. Some studies had a between-subject design with a small sample 
size (9, 10, 89, 106) so the divergent baseline cognitive levels of participants in different 
groups could introduce bias. Besides, the possible different effects of glucose and 
placebo on mood (175) and satiety (176), both of which may have impacts on cognitive 
performance (17, 153), were not adjusted in any of these studies. The most obvious 
difference between our study and studies in this field is the testing time. In most studies, 
cognitive tasks were administered around 15 minutes after ingestion, a timeframe 
sufficient for ingested glucose to enter the blood stream (59) but too short for glucose to 
 65 
cross the blood-brain barrier (25). However, if the facilitating effect of glucose was 
attributed to the increase in blood glucose concentrations when compared with the 
placebo, this effect should not only be limited to this timeframe. Sucralose leads to a very 
small fluctuation of plasma glucose concentrations around the baseline values (177), 
even given at a high dose (800mg/500ml water) (174). In the current study, the glucose 
concentration 60 minutes after ingestion was significantly higher than the baseline values 
in the sucrose group, therefore, the plasma glucose concentration 60 minutes after 
ingestion in the sucrose group should be significantly higher than that in the sucralose 
group. However, we did not find any difference in cognitive performances between the 
sucrose and sucralose group, which further supports that the facilitating effect of glucose 
on cognition is independent of the effect of a higher postprandial glucose concentration. 
For the studies in which meals were used as interventions and young adults were tested, 
failure to blind interventions could have introduced bias, which prevented a direct 
comparison between our findings and these studies. 
 
In the remaining studies, glycaemic responses were manipulated via interventions with 
different GI/GLs. In these studies in which beverages are used, the findings of our study 
are in line with the work of Dye et al. (134), which had a very similar design with ours. 
The rest of the studies in this category are different from ours in terms of the targeted age 
group and beverages used, which makes it difficult to compare them directly with our 
study. In the studies in which meals were given, null findings were found in verbal 
memory (12, 14, 148) and attention (12, 142, 145, 148, 151). Low-GI/GL meals were 
found to be beneficial for verbal memory (140-142, 145, 151), visual-spatial memory 
(144, 152), and attention (141, 143, 144) while high-GI/GL was reported to facilitate 
verbal memory (146, 147) and attention (13, 14, 147, 149, 150). Again, all of these 
studies were differed to ours in terms of the participants’ age group (14, 141, 143-152), 
testing time point (14, 140, 142, 144, 146, 147, 149, 151), and cognitive tests (13, 144, 
146, 148, 150, 152). Most importantly, in most of these studies, investigators and 
participants were not blinded (12-14, 140-150) and macronutrient composition differed 
between interventions (12-14, 141-145, 147), which could have introduced bias or 
confounding. There were only two studies (151, 152) in which interventions were blinded 
and macronutrient component of meals were matched, but the results of our study and 
these studies are still inconsistent. In the earlier working of Young et al. (151), 
participants were much older thus the glucoregulatory status could be much more varied. 
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The later research from the same team (152) focused on children and the beneficial 
effects of low-GL meals on visual-spatial memory and attention was only shown during 
the post-hoc analysis. Besides, in both studies, glycaemic responses were not measured, 
and the authors did not mention the sweetness of the testing food were matched. All of 
the above factors may contribute to the differences in the results between the two studies 
and ours. 
 
One explanation for the null findings of the current research maybe that the tasks are not 
sensitive enough. However, we already moderately increased the difficulty of the four 
well-known tasks. The increment in difficulty was only moderate due to the concern that 
tasks with too high a cognitive demand can be detrimental to the participants’ motivation 
(17). The reason for choosing 2.5 minutes to be the time for copying figures in the 
Complex Figure test is that it is suggested the minimum exposure time of the complex 
figure is 2.5 minutes (178) and we tried to avoid giving too much time to the participants 
to learn the material. Wordlists in the Word Recall test was constructed based on the 
Hopkins Verbal Learning Test (166), which usually includes 12 words in each wordlist; 
however, based on the results of previous studies done by our research team (159), each 
wordlist in this study contained 25 words to increase the difficulty of the task and avoid 
ceiling effects which may reduce the ability to detect differences in participants’ 
performance among test days. The highest score for the test was 22, which further 
confirmed that the negative results in this task were not caused by ceiling effects. In 
addition to the Part B used in this study, the Trail Making Test also includes Part A (167), 
which is much easier and only requires participants to connect the figures in sequential 
order (i.e. 1 to 2 to 3). We only choose to administer Part B since Part A was regarded as 
not sensitive enough (94). In the Stroop test, neutral trials (coloured rectangles) in the 
original version (170) were not adopted in our test because we believed the neutral trials 
were too easy for our participants. Congruent trials are much easier and maybe less 
sensitive than the incongruent ones (106) thus we made the ratio between congruent and 
incongruent situations 1:3 instead of using the classic ratio of 1:1 to increase cognitive 
demand. Besides, the ratio of 1:3 enabled each word presented equally often in each 
colour, which was helpful to reduce the contingency learning confounds (179). Therefore, 
it is very unlikely that the null results were caused by the insensitivity of the tasks. 
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Theoretically, cognitive performance should not be affected to any great extent by 
postprandial fluctuations in blood glucose concentration and the following changes in the 
brain extracellular glucose concentrations in the physiological situation. This is because 
the uptake of glucose of the neurons is more likely to be determined by the activity of 
the neurons (115) unless in extreme hypoglycaemia, under which conditions the energy 
supplement system in the brain changes (1). Therefore, this negative result is more 
consistent with the physiological function of the brain. However, we cannot exclude the 
possibility that in healthy young adults with good glucose regulatory status, the cognitive 
effect of manipulating glycaemic response is too subtle to be detected. 
 
We also examined a learning effect in this study. The score in the third visit was 
significantly lower than that in the first visit in the Complex Figure test, which was 
probably because the figure used in the third visit was more difficult than the first one. 
In the Word Recall test the score in the second visit was the highest, indicating that there 
may have been a learning effect between the first and second test sessions. However, this 
is uncertain as there was no further improvement in the third test, possibly because the 
second wordlist may have been less challenging than the third one. In the Trail Making 
Test Part B, there was no difference in terms of mistake numbers, and in the Stroop test, 
there was no difference in the number of correct responses, which was probably because 
most of the participants made very few mistakes in the Trail Making Test Part B and had 
a high correct rate in the Stroop test in all of the three visits. 
 
Though already controlling for the possible confounding and bias, our study has 
limitations. We did not conduct concurrent blood tests and cognitive tests so that the 
relationship between plasma glucose concentrations and cognitive effects was not as 
direct as the studies in which glucose concentration measurement and cognitive tests 
were conducted in the same session. However, we chose not to test them together due to 
the concern that participants’ anxiety of finger pricking might affect their cognitive 
performance (180). To circumvent this possible confounder, we tested the glycaemic 
response in a group of similarly aged participants to those of our cognitive sample prior 
to the cognitive test sessions taking place. Secondly, based on the analysis about learning 
effect, it is suggested that the learning effect still existed even at least one week wash-
out time was given between different visits and the difficulty of the complex figures and 
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the wordlists seems not similar among visits, but we used a counter-balanced randomized 
study design, which can reduce the impact of these factors. 
 
The major strength of this study is that we used a design which minimized confounding 
factors and bias. The sweetened drinks were identical in appearance and matched for 
sweetness, which enabled blinding interventions both to the investigators and to the 
participants. For the higher-GI and lower-GI drinks, the macronutrient component and 
energy contents were also controlled to make sure the only difference between these two 
arms were their GIs. A within-subject design with a sample calculation and adjustments 
for possible confounders further reduce the impact of confounding factors. Besides, the 
study was conducted in the morning after overnight fasting to avoid the carryover effect 
on glycaemic responses from the previous meals. 
 
For future studies a Continuous Glucose Monitoring System (134, 148) might be 
considered to non-invasively track changes in glucose concentration over the timeframe 
of cognitive testing. It may also be informative to use interactive computer games in 
which task difficulty can be adjusted to alter cognitive demand. Additionally, more work 
is required to investigate how glycaemic control is achieved in the neurons as this may 
provide mechanistic insight into the potential for postprandial fluctuations in blood 
glucose to influence cognition. 
7. Conclusion 
This study demonstrated that the outcomes of the Complex Figure test, the Word Recall 
test, the Trail Making Test Part B, and the Stroop test were not affected by postprandial 
differences in glycaemic responses either induced by different energy contents or by 
different GIs in young healthy adults. Our findings do not support the hypothesis that 
postprandial glycaemia impacts cognitive performance in verbal memory, visual memory 
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Appendix G: Word Recall lists 
 
First visit Second visit Third visit 
Spatula Board Bowl 
Closet Table Couch 
Potato Onion Coconut 
One Two Eight 
Mother Father Aunt 
Lake Sea Desert 
Pig Bull Sheep 
Architect Musician Dancer 
Co-worker Assistant Cousin 
Mouse Library Screen 
Spring South West 
Rain Snow Storm 
Lawyer Case Courtroom 
House School Barn 
Button Sock Watch 
Skirt Shirt T-shirt 
Truck Boat Train 
Lamb Salami Turkey 
Blood Ulcer Sore 
Jam Cookie Syrup 
Sneeze Cry Blink 
Priest Pope Spiritual 
Microchip Scanner Camera 
Nation Capital Inland 









































































Appendix L: Drink questionnaire 
 
 
 
 
 
 
 
 
 
